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(54) All-optical time-division demultiplexing circuit and all-optical TDM-WDM conversion circuit 



(57) An all-optical time-division demultiplexing cir- 
cuit is designed to output all the channels of time-divi- 
sion multiplexed signal pulses to different output ports 
simultaneously. A pulse stream of time-division multi- 
plexed signal pulses and linearly chirped control pulses 
synchronized with the signal channels are input into an 
optical Kerr medium The optical Kerr medium provides 
locally cross-phase modulation to the control pulse, de- 
pending on the presence or absence of the signal pulses 
of each signal channel. And the optical Kerr medium 



modulates the power of the component frequencies ^ , 
x> 2 , *>n of the control pulses in accordance with each 
of the signal channel, by inducing the optical frequency 
shift to compensate the control pulse chirp on the optical 
frequency axis. The Kerr medium outputs a power mod- 
ulated control light, which is separated in a wavelength- 
division demultiplexing circuit into component frequen- 
cies t> lf x> 2 , "o N of the control pulses which are to out- 
put to respective ports of corresponding to individual sig- 
nal channels. 
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Description 

Background of the Invention 

Field of the Invention 

The present invention relates to a multi-channel 
output type all-optical time-division demultiplexing cir- 
cuit which separates an optical pulse stream of a time- 
division multiplexed (TDM) signaf, and simultaneously 
outputs every channel of the TDM signal to different 
ports. The present invention relates also to an all-optical 
TDM-WDM(Time-Division-Multtplexed - Wavelength- 
Division-Multiplexed) conversion circuit for assigning 
different wavelengths to each channel of time-division 
multiplexed signal pulse stream input from a transmis- 
sion line, and outputting a stream of wavelength -division 
multiplexed signal pulses to another transmission line 

Description of the Related Art 

Figure 1 8 shows a first configuration of the conven- 
tional all-optical time-division demultiplexing circuit (Fig- 
ures 5 and 6 from a Japanese Patent Application, First 
Publication, H4-1971B (Patent Application No. 
H2-1 25176). Utilizing a fact that when time division mul- 
tiplexed signals and control pulses are launched into an 
optical Kerr medium, signal pulses are affected by 
cross-phase modulation effect of the control pulses, re- 
sulting in changes in the center frequency, thus enabling 
the signal pulses to be demultiplexed into individual 
channels of the TDM signal. 

In Figure 18, time-division multiplexed signal pulses 
Pi. p 2> p 3> p 4 of an °P tical frequency us are input into 
a wavelength-division multiplexer 1 and are multiplexed 
with a control pulse Pc of an optical frequency of x>c and 
launched into an optical Kerr medium 3 having a positive 
nonlinear-index coefficient. In the Kerr medium 3, the 
center frequencies of the signal pulses are altered by 
the cross-phase modulation effect of the control pulse. 
The process of mutual interaction is illustrated in Figure 
19. 

In a Kerr medium 3 of a positive nonlinear-index co- 
efficient, cross-phase modulation of the control pulse in- 
duces a phase shift 4 in the signal pulses. The phase 
shift 4 is power-dependent (i.e., proportional to the in- 
tensity shape of the control pulse) and is derived by 
time-differentials of the control pulse intensity interact- 
ing with the signal pulses to produce optical frequency 
shift 5 in the signal pulses. If the so-called "up-chirp" 
region is utilized, where the optical frequency increases 
approximately linearly (refer to shaded region in Figure 
19, corresponding to the central region of the control 
pulse waveform), the signal pulses P v P 2 , P 3 , P 4 of an 
optical frequency us are changed into corresponding 
signal pulses having different optical frequencies u-,, u 2 , 

Such signal pulses P-,, P 2 . P 3 . P 4 having. different 



frequencies can be separated in the optical wavelength- 
division demultiplexer 2 into individual optical frequen- 
cies, and can be output to respective output ports at the 
same time, providing an all-optical time-division demul- 
s tiplexing circuit. 

Figure 20 illustrates a second configuration of the 
conventional all-optical time-division demultiplexing cir- 
cuit disclosed in Figures 1 and 3 of a Japanese Patent 
Application, First Publication, H7-1 60678. In this device, 
io time-division multiplexed signal pulses and chirped con- 
trol pulses are input into a nonlinear optical loop mirror 
(Sagnac interferometer) based on Kerr medium 3 : and 
the control pulse, phase-shifted by the cross-phase 
modulation effect in the Kerr medium, is demultiplexed 
is to be output to individual channels of the TDM signal. 

In Figure 20, a control light source 7 is connected 
to an input port 6A of an optical coupler 6, and the output 
ports 6C, 6D are connected in a loop by way of an optical 
wavelength -division multiplexer 1 and a Kerr medium 3, 
20 and an optical wavelength-division demultiplexer 2 is 
connected to an input port 6B. 

Time-division multiplexed signal pulses P 1f P 2 , 
P 3 , .., P N of an optical frequency us are input, through 
an optical amplifier 8, into the wavelength multiplexer 1. 
2S Control light source 7 produces a control pulse Pc which 
is linearly chirped, and whose pulse duration is sufficient 
to include the signal pulses P-,, P 2 , P 3 , .-, P N . The control 
pulse Pc is launched into input port 6A of the optical cou- 
pler 6 to be divided into two signals which are output 
30 from output ports 6C ? 6D and propagates through the 
loop in opposite directions, as clockwise (c) component 
and a counter-clockwise (cc) component. In the mean- 
time, signal pulses launched into the loop from the op- 
tical wave length -division multiplexer 1 propagates 
35 clockwise. In the Kerr medium 3 S the phase of the clock- 
wise control pulse, propagating with the clockwise sig- 
nal pulses, is affected by the cross-phase modulation 
effect with the signal pulses. Therefore, when the c-con- 
trol pulse and cc -control pulse is multiplexed again in 
40 the optical coupler 6, the control pulse, overlapped by 
the signal pulses and having a phase difference of n, is 
output from the input port 6B. 

Accordingly, signal pulses P 1( P 2 , P 3 , P N modu- 
late corresponding control pulses P C1 , P c2 , Pc3> p cn 
45 These control pulses P C1 , P C2 , P c3 , .., P C n are shifted 
in the order of the corresponding optical frequencies^, 
-o 2 , t> 3 , .., \> N , thereby enabling to be separated in the 
wavelength demultiplexer 2 into individual optical fre- 
quencies. In other words, time-division multiplexed sig- 
50 nals are separated into each channel, thereby enabling 
the all-optical time-division demultiplexing circuit to out- 
put demultiplexed signal pulses to different output ports 
simultaneously 

Figure 21 illustrates a third configuration of the con- 
55 ventional all-optical time-division demultiplexing circuit 
disclosed in Figures 6 and 7 of a Japanese Patent Ap- 
plication, First Publication, H7-208258, (Priority Patent 
Application No. H6-1 91645). In this circuit, time-division 
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multiplexed signal pulses and chirped control pulses are 
input into a non-linear optical medium, and the TDM sig- 
nal pulses, produced as a result of four-wave-mixing, 
are demultiplexed. 

In Figure 21 , time-division multiplexed signal pulses 
Pi . ^2* ■■ • °* an op^cal frequency us are input into 
a wavelength-division multiplexer 1. The control light 
source 7 produces a light whose optical frequency 
changes monotonically with time, and generates a con- 
trol pulse Pc of a duration sufficiently long to include sig- 
nal pulses P 1t P 2 , P 3 , .., P N . Signal pulses P 1f P 2 , P 3 , .., 
P N and the control pulse P c are multiplexed in the wave- 
length-division multiplexer 1 and are launched into a 
non-linear optical medium 9. 

Here, optical frequency components of the control 
pulse Pc synchronized with the signal pulses P-,, P 2 , 
P 3 . .., P N of an optical frequency us are designated by 
u,. \j 2 u 3 , ... u N . In this case, four-wave-mixing effect is 
induced in the non-linear optical medium 9 by the control 
pulse Pc interacting with signal pulses of different optical 
fiequencies, and generates frequency-converted opti- 
cal pulse Fi of an optical frequency x> Ft (=2x>s-x>\) or an 
optical pulse Fi* of an optical frequency \> Fjl (=2\>i-us), 
where i=1,2,3 N. 

Accordingly, frequency -con verted pulses F 1t F 2 , 
F 3 , ... F N or F/, F 2 \ F 3 \ .., F N ' are generated to corre- 
spond to signal pulses P l5 P 2 , P 3 , .., P N , and each fre- 
quencies can be separated with a wavelength-division 
demultiplexer 2. In other words, an all-optical time-divi- 
sion demultiplexing circuit is produced that enables 
time-division multiplexed signals to be separated into 
each signal channel and output to different output ports 
at the same time. 

The first and third circuit configurations of the all- 
optical time-division demultiplexing circuit shown above 
are also shown in a Japanese Patent Application, First 
Publication, H8-307391 (Patent Application No. 
H7-1 29633) as "related arts" in Figure 6, and as "ele- 
ments of the invention" in Figures 1 and 2. 

Problems with the conventional demultiplexing cir- 
cuits are outlined below. 

In the first circuit configuration shown in Figures 1 8 
and 1 9, the only useful region of the control pulse wave- 
form is the central region where the optical frequency 
increases approximately monotonically with time, there- 
fore, it is not possible to separate those time-division 
multiplexed pulse signals which are processed outside 
of the effective chirp duration. Also, because attempts 
are made to produce a high degree of phase shift by 
using a control pulse having a wide pulse width, it means 
that the optical power has to be quite high, requiring sev- 
eral watts up to several tens of watts (refer to Electron. 
Lett., vol. 28, pp. 1070-1071, 1992). Furthermore, sep- 
arated optical pulses are produced by shifting the signal 
pulse frequency so that signal pulses having the original 
frequency are not generated. 

In the second circuit configuration shown in Figure 
20, it is necessary to construct a non-linear optical loop 



mirror (Sagnac interferometer), which is more complex 
compared with other conventional circuits in which the 
signal pulses and control pulses are propagated in one 
direction in an optical Kerr medium. 

5 In the third circuit configuration shown in Figure 21 , 

because the output light is a result of four-wave-mixing 
of signal pulses and control pulses, there are conversion 
losses associated with the generation efficiency of four- 
wave-mixing process, resulting in a high insertion loss. 

io Also, because there is a large shift in the bandwidths 
between the control/signal pulses and the four-wave- 
mixing pulses, it introduces another problem that a wide 
optical bandwidth is required to achieve time-division 
demultiplexing. 

15 

Summary of the Invention 

It is an object of the present invention to provide an 
all-optical time-division demultiplexing circuit for time- 

20 division multiplexed optical pulses to provide efficient 
performance in a simple circuit structure, using small op- 
tical power, so that all the channels are output simulta- 
neously to respective ports without expanding the band- 
width. An application of the circuit is demonstrated in a 

26 conversion circuit to convert time-division multiplexed 
signals to wavelength-division multiplexed signals. 

The all-optical time division demultiplexing circuit of 
the present invention multiplexes (j) a pulse stream of 
time-division multiplexed signal pulses comprising of N 

30 channels (>2) having an optical frequency us and@a 
control pulse synchronized with a signal channel of the 
time-division multiplexed pulse stream, monotonically 
chirped with time having an optical frequency different 
from us, having a duration including N signal channels 

35 and having a same repetition as the signal channel; and 
input the result to an optical Kerr medium. . 

The Kerr medium produces cross-phase modula- 
tion locally between the chirped control pulse and the 
signal pulses to produce local optical phase shift in a 

40 time-base depending on the presence or absence of sig- 
nal pulse of each signal channel of time-division multi- 
plexed signal channels, and an optical frequency shift 
which compensates the control pulse chirp on the opti- 
cal frequency axis. 

45 This results in modulation of intensity of light with 
optical frequencies of u,, u 2 , u N of control pulse cor- 
responding to each signal channel. The intensity of light 
is modulated, separates control pulse with optical fre- 
quencies of u 1t u 2> u N corresponding to each signal 

50 channel and outputs them to the ports corresponding to 
each optical frequencies. 

The optical pulse stream input into the Kerr medium 
is given a signal power amplification sufficient to enable 
a signal pulse stream to induse cross-phase modulation 

55 on the control pulse (claim 2). 

The principle of power modulation in the optical Kerr 
medium by inducing cross-phase modulation on the 
control pulse depending on the presence or absence of 
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the signal pulse, modulating the intensity of control 
pulse by making an optical frequency shift to compen- 
sate the control pulse chirp on the frequency axis. In the 
explanation betow, the optical Kerr medium is assumed 
to have a positive nonlinear-index coefficient (claim 3). 

As shown in Figure 2, signal pulse has a Gaussian 
waveform of intensity vs. time, and the control pulse has 
a rectangular waveform of intensity vs. time. In this case, 
the control pulse is a down-chirped pulse whose fre- 
quency decreases monotonically (u L >u-r) from a leading 
end (i> L ) to a trailing end (\> T ) as shown in Figure 4A. 
The frequency of the control pulse is v 0 for peak signal 
power at time to. 

At this time, optical frequency of control pulse is 
shifted as shown in Fig. 3B, by the cross-phase modu- 
lation of signal pulse as shown in Fig. 3A. In other words, 
in the center region of the signal pulse (shaded region 
shown in Figure 3B), the control pulse receives an ap- 
proximately linear increase by time in optical frequency 
(up-chirped on time-base) as illustrated in Figure 3B. By 
this, down-chirp of the control pulse is compensated by 
the up-chirp effect (increasing intensity) of the signal 
pulse on the frequency-base, as illustrated in Figure 4C, 
and it results in causing those control pulse optical fre- 
quencies superimposed in the vicinity of the center of 
the signal pulse to shift to the center frequency uo, and 
ultimately producing an increase of the spectral power 
as illustrated in Figures 4D. 

Figures 4 A, 4B show a time-resolved optical spec- 
trum of the control signal and a power distribution of the 
optical spectrum with non-optical-frequency-shifted by 
signal pulse. Figures 4C, 4D show a time-resolved op- 
tical spectrum of the control signal and a power distri- 
bution of the optical spectrum with optical-frequency- 
shifted by the signal pulse. 

As shown in Figures 4B, 4D, the control pulse power 
of optical frequency v 0 is either or P 0 , depending on 
whether there is a pulse or not to interact with. There- 
fore, filtering the control pulse through a bandpass filter, 
which transmits light of optical frequencies in the vicin- 
ities of the center optical frequency u 0 , enables to pro- 
duce a pulse light whose optical power has been mod- 
ulated depending on whether a signal pulse has been 
imposed or not. 

Figure 5 shows optical power vs. time waveforms 
for a control pulse and a stream of five channels of time- 
division multiplexed signal pulses, binary coded as 
-11101 ". In this case, the control pulses are repeated at 
a rate of 1/5 of the time-division multiplexed signal puls- 
es. The peak power for individual signal channels 
#1— #5 occurs at t-, — 1 5 , and the corresponding control 
pulse frequencies are v^-v s , respectively. 

The control pulse spectral power is modulated ac- 
cording to the phase modulation pattern "11101 " of the 
pulse stream of time-division multiplexed signal pulses, 
as shown in Figures 6A, 6B. Therefore, individual signal 
channels #1~#5 can be separated and extracted by fil- 
tering the modulated pulses through bandpass filters 



which transmit optical frequencies near -0-1^-05. 

It should be noted that the above explanation re- 
lates to a case of a Kerr medium having a positive non- 
linear-index coefficient, and the control pulse is a down- 
s chirped pulse in which the optical frequency decreases 
monotonically from the leading end to the trailing end of 
a pulse (claim 3). On the other hand, if the Kerr medium 
has a negative nonlinear- index coefficient, the control 
pulse should be an up-chirped pulse such that the fre- 
quency monotonically increases from the leading end to 
the trailing end (claim 4). Furthermore, if the Kerr medi- 
um is a bi-refringent medium, the circuit includes two 
orthogonal principal axes as a polarization mode disper- 
sion compensation device, and the control light is pro- 
vided with polarized light whose polarization compo- 
nents in the two orthogonal directions have an equal op- 
tical power (claim 5). The polarization mode dispersion 
compensation device may be made of two bi-Kerr media 
(=bi-refringent Kerr media) of an equal length connected 
in series in such a way that the two principal axes are 
at right angles (claim 11 ). An example of such a device 
is shown in Figure 24, which shows a bi-Kerr media (bi- 
refringent media) 60, 61 in series. A X/2 plate may be 
inserted between the bi-Kerr media (claim 1 3). An ex- 
ample of this device is shown in Figure 25, which shows 
a X/2 plate between bi-Kerr media 60, 61 . Or, a Faraday 
rotator may be inserted between the two bi-Kerr media 
(claim 15). An example is shown in Figure 26, which 
shows a 90-degree Faraday rotator between the bi-Kerr 
media 60, 61 . In such an arrangement, light propagated 
through the ordinary-axis and the extraordinary-axis of 
the bi-Kerr medium 60 are made to travel through the 
extraordinary-axis and the ordinary-axis of the bi-Kerr 
medium 61, and the overall propagation delay differ- 
ence will be zero. 

Also, in the present invention, all-optical time-divi- 
sion demultiplexing circuit outputs the pulse stream with 
optical frequencies of ^ , . . , -o 5 to each port, on the other 
hand all-optical TDM-WDM conversion circuit outputs 
the wavelength-division multiplexed signal pulses to a 
port by multiplexing pulses of each optical frequencies 
again (claims 6-9). In the TDM-WDM conversion circuit, 
if the Kerr medium is a bi-refringent medium, the circuit 
includes two orthogonal principal axes as a polarization 
mode dispersion compensation device, and the control 
light is provided with polarization state whose polariza- 
tion components in the two orthogonal directions have 
an equal optical power (claim 10). The polarization 
mode dispersion compensation device may be made of 
so two bi-Kerr media of an equal length connected in series 
in such a way that the two principal axes are at right 
angles (claim 1 2). An example of such a device is shown 
in Figure 24, which shows a bi-Kerr media 60, 61 in se- 
ries. A XI2 plate may be inserted between the bi-Kerr 
ss media (claim 14). An example of this device is shown in 
Figure 25, which shows a A/2 plate between bi-Kerr me- 
dia 60, 61. Or, a Faraday rotator may be inserted be- 
tween the two bi-Kerr media (claim 16). An example is 
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shown in Figure 26, which shows a 90-degree Faraday 
rotator between the bi-Kerr media 60, 61 . In such an ar- 
rangement, light propagated through the ordinary-axis 
and the extraordinary-axis of the bi-Kerr medium 60 are 
made to travel through the extraordinary-axis and the 
ordinary-axis of the bi-Kerr medium 61, and the overall 
propagation delay difference will be zero. 

Also, as illustrated in Figure 4D, because optical fre- 
quency components in the vicinities of -u 0 are converted 
toi> 0 , the optical powers of these optical frequency com- 
ponents (\) 0 ±5) are decreased. When there is a signal 
pulse, although the optical powers of the optical fre- 
quency components in the vicinities of uo are increased, 
the optical power of the optical frequency components 
in the vicinities of the (x> 0 ±6) are decreased. Therefore, 
by filtering those waves in the vicinities of (t> 0 +6) or (x> 0 - 
5) with bandpass filters, a pulse stream, comprised of 
logical inversion pulses with respect to time-division 
multiplexed input signal pulses, can be generated. Es- 
pecially, when the repetition rates of the signal pulses 
and the control pulses are the same, all-optical inverting 
circuit is produced. 

As explained above, all-optical time-division demul- 
tiplexing circuit enables to separate signal channels 
comprising the time-division multiplexed pulse stream 
simultaneously. The present circuit configuration enable 
to significantly facilitate clock synchronization of control 
and signal pulses, compared with a circuit configuration 
comprised of series- or parallel-connection of optical 
gating circuits. Also, a significantly simplified structure 
of the circuit enables to reduce insertion loss, thereby 
enabling to reduce the noise factor (NF) of the time-di- 
vision demultiplexing circuit. This increases the overall 
noise margin in the optical communication system to be 
increased, and provides an effective increase in dis- 
tance and reliability of the information transmission sys- 
tem. 

The present all-optical time-division demultiplexing 
circuit isable to separate time-division multiplexed puls- 
es into N signal channels as explained above, but it is 
also able to convert the signal wave of single optical fre- 
quency to multiple optical frequencies of the chirped 
control pulse. Therefore, by outputting input signal puls- 
es without separation, the circuit can function as a TDM- 
WDM conversion circuit also. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of a first embodi- 
ment of the all-optical time-division demultiplexing cir- 
cuit. 

Figure 2 is an illustration of the positional relation 
on the time base of signal pulses and the control pulse. 

Figure 3A and 3B are illustrations of optical frequen- 
cy shift induced by cross-phase modulation of a Gaus- 
sian waveform signal pulse with a control pulse. 

Figures 4A~4D are time-resolved spectra and 
spectral power distribution of the control pulse. 



Figure 5 is an illustration of the positional relation 
on the time base of the control pulse to a binary bit 
stream "11101 0 of time-division multiplexed signal puls- 
es. 

s Figures 6A and 6B are time-resolved spectra of the 
control pulse and a spectral power distribution graph. 

Figure 7 is an illustration of the positional relation 
on the time base of control pulses to a stream of time- 
division mutiplexed signal pulses in the all-optical time- 
rs division demultiplexing circuit of the present invention. 

Figures 8A~ 8C are schematic diagrams of the con- 
figuration of a 1xN wavelength-division demultiplexer 
15. 

Figure 9 is a first configuration of a control light 
15 source 1 3 to generate a stream of linearly chirped con- 
trol pulses. 

Figure 1 0 is a second configuration ol a control light 
source 1 3 to generate a stream of linearly-chirped con- 
trol pulses. 

20 Figures 1 1 A-~ 1 1 D are numerical simulation results 
of the all-optical time-division demutiplexing circuit of 
the present invention. 

Figure 12 is a contour diagram produced by numer- 
ical simulation of the all-optical time-division demulti- 
25 plexing circuit of the present invention. 

Figure 1 3 is a schematic diagram of a second em- 
bodiment of the all-optical time-division demultiplexing 
circuit. 

Figure 14 is a first embodiment of an all-optical 
30 TDM -WDM conversion circuit of the present invention. 

Figures 15A and 15B are schematic diagrams of a 
first configuration of a wavelength demultiplexer 17. 

Figure 16 is an illustration of the positional relation 
on the time base of control pulses to a stream of time- 
rs division mutiplexed signal pulses in the TDM-WDM con- 
version circuit of the present invention. 

Figures 17A and 17B are schematic diagrams of a 
second configuration of a wavelength demultiplexer 17. 
Figure 18 is a schematic diagram of a first example 
40 of the conventional all-optical time-division demultiplex- 
ing circuit. 

Figure 1 9 is a schematic diagram to show the work- 
ing of a first configuration of the conventional all-optical 
time-division demultiplexing circuit. 
45 Figure 20 is a schematic diagram of a second ex- 
ample of the conventional all-optical time-division de- 
multiplexing circuit. 

Figure 21 is a schematic diagram of a third example 
of the conventional all-optical time-division demultiplex- 
so ing circuit. 

Figure 22 is a third example of control light source 
13 to generate a stream of linearly-chirped control puls- 
es. 

Figure 23 is a schematic diagram of an example of 
55 the chirp adjustment device. 

Figure 24 is a schematic diagram of an example of 
the polarization mode dispersion compensation device. 
Figure 25 is a schematic diagram of another exam- 
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pie of the polarization mode dispersion compensation 
device. 

Figure 26 is schematic diagram for yet another ex- 
ample of the polarization mode dispersion compensa- 
tion device. 

Figure 27 is a schematic diagram of a second em- 
bodiment of the all-optical time-division demultiplexing 
circuit of the present invention. 

Figure 28 is an electrical power spectrum of time- 
division demultiplexed signal after optical-to-electrical 
(O/E) conversion. 

Figure 29 is a schematic diagram of a second em- 
bodiment of the all-optical TDM-WDM conversion circuit 
of the present invention. 

Description of the Preferred Embodiments 

Preferred embodiments will be presented in the fol- 
lowing udder two headings: 

I. All Optical Time-Division Demultiplexing circuits; 
and 

II. All Optical TDM-WDM Conversion Circuits 

I. Time-Division Demultiplexing circuits 

Embodiment 1 of time-division Demultiplexing circuits 

Figure 1 is a schematic circuit diagram of Embodi- 
ment 1 of the all-optical time-division demultiplexing cir- 
cuit. 

A stream of time-division multiplexed signal pulses, 
of an optical frequency us, produced by time-division 
multiplexing the signal channels #1 to #N, is input 
through an optical amplifier 11 to a wavelength-division 
multiplexer 12. A control light source 13 generates a 
down-chirped control pulse (-o 1 >u 2 >-- > ^n) having mo- 
notonicaiiy decreasing optical frequencies from its lead- 
ing end to its trailing end, at the same repetition rate as 
the signal channels, and inputs it into the optical wave- 
length-division multiplexer 12. 

The wavelength-division multiplexer 12 multiplexes 
received pulses so that the signal channels #1, #2, 
#3, .., #N and the control pulse with optical frequencies 
of \> 1( v 2 , v 3 , .., u N will be superimposed upon one an- 
other on the same time base, and outputs the multi- 
plexed pulses to an optical optical Kerr medium 14. Op- 
tical Kerr medium 14 has a positive nonlinear-index co- 
efficient, and, as explained above, intensity-dependent 
modulation effect is produced such that cross-phase 
modulation of the time-division multiplexed signal puls- 
es on the control pulse causes a series of frequency shift 
in the control pulse. The result is that spectral compo- 
nents of the control pulses with center optical frequen- 
cies, x>i, x> 2 , v 3 , --. v N are intensity -modulated by the sig- 
nal pulses in the respective channels #1 , #2, #3, ... #N. 

Modulated control pulses propagated through the 
optical Kerr medium 14 are input into a wavelength -di- 



vision demultiplexer 15, and the spectral components in 
the vicinities of the optical frequencies a> 1 , v 2 , u 3 , .., x> N 
are demultiplexed, and are separately output to respec- 
tive output ports. It should be noted that it is permissible 

s to output time-division multiplexed pulse stream of op- 
tical frequency us, at the same time. 

Figure 7 shows positional relations of a time-divi- 
sion multiplexed signal pulse stream to the control puls- 
es on the time base in the all-optical time-division de- 

10 multiplexing circuit of the present invention. Here, the 
time-division multiplexed signal pulse stream (of optical 
frequency -us) is represented by "011 . . . 1 "1 1 0. .. 1 and 
"101. ..1". Signal channel of Channel #1 (of optical fre- 
quency v-,) is separated as "011 ..." and others are sep- 

is arated in the same manner. 

Figure 8A~8C show examples of 1xN wavelength- 
division demultiplexer 1 5, which divides one input signal 
into N output signals. 

A wavelength-division multiplexer shown in Figure 

20 8A comprises an optical splitter 21 which splits one input 
light into N branches, and optical bandpass filters 
22-1 —22-N of respective optical frequencies x> v u 2 , 
u 3> ... \) N . 

A wavelength-division demultiplexer shown in Fig- 

2S ure 8B comprises a reflection grating 23. 

A wavelength-division demultiplexer shown in Fig- 
ure 8C comprises an arrayed waveguide grating 24. An 
arrayed waveguide grating 24 comprises: input 
waveguides 25; a slab waveguide 26; arrayed 

30 waveguides (adjacent waveguides differ in optical path 
length by AL) 27; a slab waveguide 28; and output 
waveguides 29. A light distributed to the arrayed 
waveguides 27 through input waveguides 25 and slab 
waveguide 26 assumes different phase relations after 

35 passing through the arrayed waveguides 27, and has 
different focusing points in the slab waveguide 28 de- 
pending on the individual optical frequencies. There- 
fore, each waveguide in the output waveguides 29 car- 
ries signals o1 different optical frequencies, thereby pro- 

40 viding a means for producing a wavelength demultiplex- 
ing function. 

Figure 9 shows a first example of the control light 
source 13 which produces a pulse stream of linearly 
chirped control pulses. 

45 The light source 13 comprises connecting a white 
pulse generator fiber 31 , a chirp adjusting device 32; 
variable-wavelength bandpass filter 33. Injection of a 
short pulse (optical frequency do) into the white pulse 
generator fiber 31 causes a wideband white pulse (cent- 

so er optical frequency x>o) to be generated. For example, 
if a short pulse of several picoseconds having a peak 
power of 2—3 W is launched into a white pulse generator 
fiber 31 of 1 km length, a white pulse having a spectral 
width in excess of 200 nm is produced. 

55 The variable-wavelength bandpass filter 33 has a 
transmission coefficient which outputs a rectangular- 
shaped spectrum, and demultiplexing of white light input 
through the chirp adjusting device 32 produces a stream 
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of control pulses having a wide time span and linear 
chirp characteristics. Also, by altering the center trans- 
mission wavelength within the white pulse wavelengths, 
it is possible to produce a linearly chirped control pulse 
stream of any optical frequencies. Chirp adjusting de- 
vice 32 adjusts the absolute value and sign of chirp ac- 
cording to its dispersion properties. For example, if a 
zero-dispersion fiber at 1 .3 urn is used for the chirp ad- 
justing device 32, because anomalous dispersion val- 
ues are approximately constant in the 1 .55 u.m band, 
control pulses having linear chirp characteristics are ob- 
tained. 

Figure 10 shows a second example of the linearly- 
chirped control light source 1 3. 

The light source 1 3 comprises a normal dispersion 
fiber 34. Injection of short pulses (optical frequency -do) 
into the normal dispersion fiber 34 generates linearly up- 
chirped control pulses over a wide time span due to a 
compounding effect of self-phase modulation and dis- 
persion effects. To generate linearly down-chirped con- 
trol pulses, a 1.3 urn zero-dispersion fiber as in the first 
example should be used. 

Figure 22 shows a third example of the control light 
source. The light source 13 comprises an actively- 
mode-locked Farby-Perot semiconductor laser 50 fab- 
ricated by monolithic integration of electro-absorption 
modulators with connecting a chirp adjusting device 32. 
The laser 50 normally outputs light of 10 nm spectral 
width, and is able to produce optical pulses required by 
the present light source in conjunction with a chirp ad- 
justing device 32. The advantage of this configuration is 
that the use of a semiconductor laser source enables to 
produce a compact light source. To generate linearly 
down-chirped control pulses, use a 1 .3 um zero-disper- 
sion fiber as a chirp adjusting device 32 same as in the 
above first and second examples. 

Another example of the configuration for chirp ad- 
justing device 32 is shown in Figure 23. The light source 
comprises an optical circulator 53 and a chirped fiber 
grating 52. Fiber grating is an optical device based on 
an optically-induced refractive index change, so that a 
phenomenon of increased refractive index is observed 
when ultraviolet light is radiated on a Ge0 2 -doped Si0 2 
fiber. Based on this phenomenon, it is possible to peri- 
odically alter the refractive index of the core section of 
an optical fiber and to selectively reflect corresponding 
Bragg reflection wavelengths. 

Chirped fiber grating is a fiber whose grating period 
is gradually changed along the longitudinal direction of 
the fiber, thereby producing a fiber with wavelength-de- 
pendent reflection, i.e., it acts as a dispersive medium. 
In Figure 23, a control light is input into port 54 of the 
optical circulator 53 and is output from port 55 and is 
input into the chirped fiber grating 52. Because of the 
wavelength-dependency of the reflection positions in 
the chirped fiber grating 52, the control pulses are 
chirped and are output from the grating 52, and again 
input into port 55 of optical circulator 53 and are output 



from port 56. 

Optical Kerr medium 14 having a positive non-linear 
refractive index may be chosen from: Si0 2 fibers; chal- 
cogenide glasses made mainly of such material as chal- 
5 cogenides of As, S; and semiconductor amplifiers. Also, 
optical Kerr medium 14 having a negative nonlinear-in- 
dex coefficient may be chosen from: n-con jugate group 
organic materials; lll-V group and ll-VI group compound 
semiconductors. 
10 it should be noted that, when using optical fibers for 
■ demultiplexing purposes, group velocity dispersion 
characteristics of the fiber introduce differences in group 
delay, a so-called "walk-off 1 phenomenon, between sig- 
nal pulses and control pulses of different wavelengths. 
is This phenomenon is a cause for cross-talk between the 
channels. To avoid this problem, select a bandwidth in 
the vicinity of a zero-dispersion wavelength where group 
delay characteristics can be approximated by a second 
order curve, and operate the optical system so that the 
center wavelengths of the signal pulse and the control 
pulse are symmetrical across the zero-dispersion wave- 
length, thereby making the walk-off value to be zero. 

Figure 11A-11D show the results of numeral simu- 
lation studies of the all-optical time-division multiplexed 
demultiplexing circuit. A dispersion-shifted optical fiber 
of 1 km length and zero-dispersion wavelength at 1547 
nm was supposed for an optical Kerr medium. The cent- 
er wavelengths of the signal pulse and control pulse 
were, respectively, 1555 nm, and 1539 nm so as to be 
symmetrical about the zero-dispersion wavelength. 
Waveform of the signal pulse was a Gaussian type hav- 
ing a pulse width of 4 ps, and a peak power of 200 mW, 
control pulse was also a down-chirped Gaussian type 
having a pulse width of 50 ps, and a spectral half-width 
of 12 nm. 

Figure 1 1 A shows waveforms of a control pulse and 
a stream of time-division multiplexed signal pulses rep- 
resented by a "11111 " pattern on the time base. Figure 
11 B shows spectral power of the control pulse after 
propagating through the optical Kerr medium. Five 
peaks are observed corresponding to the signal pulse 
pattern. The arrow in the Figure 11 A indicates a signal 
pulse and an arrow in Figure 11 B indicates a corre- 
sponding spectral component of the intensity-modulat- 
ed control pulse. 

Figure 11C shows waveforms of a control pulse and 
a stream time-division multiplexed signal pulses repre- 
sented by a "11101" pattern on the time base. Figure 
11 D shows spectral power of the control pulse after 
propagating through the optical Kerr medium. Four 
peaks are observed corresponding to the signal pulse 
pattern. The arrow in Figure 11 C indicates a signal pulse 
and the arrow in Figure 11 D indicates a corresponding 
spectral component of the intensity-modulated control 
pulse. 

Figure 12 shows a constant-power contour graph 
of time-resorved decomposition spectra of a control 
pulse when time-division multiplexed pulse stream has 
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"11101" pattern, after propagating through the optical 
Kerr medium. In Figure 12, time arid optical frequency 
indicated by the arrows relate, respectively, to time and 
frequency shown in Figures 11 C and 11 D. These simu- 
lation results demonstrate clearly that the presence or 
absence of signal pulses superimposed on the control 
pulse on the same time base affects the intensity-mod- 
ulation of the spectral components of the control pulse. 

Embodiment 2 of Time-Division Demultiplexing circuits 

The amount of frequency shift caused by cross- 
phase modulation, as anon -linear optical effect, utilized 
in the present invention is dependent on the relative po- 
larization states of the signal light and control light. 
Therefore, the demonstrated action in the present in- 
vention (the intensity-dependent modulation effect of 
the linearly chirped control pulse) is also dependent on 
the polarization states of the input signal light. It is also 
known that polarization states of signal light propagated 
through an optical fiber waveguide generally change 
randomly. Therefore, Embodiment 2 relates to polariza- 
tion-independent circuit configurations which are not af- 
fected by random changes in the polarization states of 
signal light. 

Figure 27 shows an example of such a circuit. The 
structures which are the same as those in Figure 1 will 
not be explained again. In this embodiment, an output 
light from the wavelength-division multiplexer 12 prop- 
agates through a polarization mode dispersion compen- 
sation section 18 disposed between two bi-refringent 
Kerr media 19 (shortened to bi-Kerr medium). 

Input signal light launched into a bi-Kerr medium 1 9 
separates into two linearly polarized-wave signals along 
with orthogonal principal axes of the bi-Kerr medium, 
and propagates through the medium 1 9 while maintain- 
ing the polarization state. The power distribution ratio of 
input signal light to the two principal axial components 
is governed by the polarization states of the signal light 
at the input time. In the meantime, control light is input 
into bi-Kerr medium 1 9 so that the power distribution ra- 
tio to the two principal axial components will be 1 :1 This 
can be achieved by inputting linearly polarized control 
light into the bi-Kerr medium 19 so that the linearly po- 
larized control light is tilted at 45 degrees with respect 
to one of the principal axes of the bi-Kerr medium 19, 
for example. 

While propagating through the bi-Kerr medium 19, 
control light receives chirp compensation independently 
for the two principal axial components due to cross- 
phase modulation effect with the signal light, and control 
spectral powers are increased. Spectral power increase 
factor caused by chirp compensation is proportional to 
the signal light power. Therefore, the spectral power in- 
crease factor due to chirp compensation in comparison 
to the sum of two axial control light components output 
from the bi-Kerr medium 19 does not depend on the 
power distribution ratio to the two principal axes of the 



signal light. In other words, spectral power of control 
light does not depend on the polarization states of input 
signal light at the time of injection into the bi-Kerr medi- 
um 19. 

5 Also, because there is an intervening polarization 
mode dispersion compensation section 18 in the mid- 
point of the optical path to switch the fast-axis and the 
slow-axis of the bi-Kerr medium 19, the optical path 
lengths for the two axes become identical, and any time- 

io lag of the two polarization component can be compen- 
sated. Examples of polarization mode dispersion com- 
pensation section 18 are shown in Figures 24—26 in 
conjunction with discussions presented above. There- 
fore, it is possible to realize a polarization independent 

is operation that does not depend on polarization states of 
input signal light, without degrading the operational 
bandwidth of the circuit. 

It should be noted that polarization states of control 
light at the input time into the bi-Kerr medium 19 may 

20 assume other states such as circular polarization, or el- 
liptical polarization whose major or minor axis is tilted 
with respect to the principal axis of the bi-Kerr medium 
19 at 45 degrees. 

Also, when propagation loss and nonlinear-index 

25 coefficient are different in the two principal axes in the 
bi-Kerr medium 19, polarization-state -independence 
can be achieved by adjusting the power distribution ratio 
to the two principal axial components of control light in 
the bi-Kerr media 1 9 

30 Also, if the operational properties of the two bi-Kerr 
media 19 are different, because of deviations in manu- 
facturing conditions and other reasons, polarization 
mode dispersion may also be different. In such cases, 
it is not necessary that the optical path lengths are equal 

35 in the two media 19, so, the lengths can be altered so 
that the overall polarization mode dispersion can be 
compensated by the polarization mode dispersion com- 
pensation section 18. Therefore, the number of bi-Kerr 
medium 19 of different path lengths and polarization 

40 mode dispersion compensation section 18 are not par- 
ticularly restricted when the overall dispersion is com- 
pensated. However, because of insertion loss and sim- 
plicity of the circuit, the configuration shown in this em- 
bodiment is preferable. 

45 A circuit configuration based on another concept to 
avoid polarization-dependent frequency shift of control 
light will be explained below. Instead of using bi-Kerr 
medium used in the above example, an isotropic Kerr 
medium will be used. In this case, polarization mode dis- 

so persion compensation section 18 will not be necessary. 
The efficiency of cross-phase modulation effect in such 
a circuit becomes dependent on the polarization states 
of the control light and signal light, and even under the 
worst condition of dependency on the polarization 

ss states, i.e., orthogonal linearly polarized light, it is about 
1/3 of the best efficiency. In other words, the efficiency 
will never drop to zero. Thus, if the worst-case design 
allows some sensitivity degradation, receiver sensitivity 
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for separated signals can be made independent ofthe 
polarization states ofthe input signals. 

Embodiment 3 of Time-Division Demultiplexing circuits 

The all-optical time-division demultiplexing circuits 
in the present invention utilize the frequency shift of con- 
trol pulse by cross-phase modulation effect with the sig- 
nal pulses, as shown in Figures 4 or 6, therefore, the on/ 
off extinction ratio of intensity modulation is about sev- 
eral dB. In general, the on/off extinction ratio of external 
modulator is about 25 dB, for a Mach-Zender interfer- 
ometer type based on electrooptic effects of LiNb0 3 de- 
vices, so that the circuits in the foregoing embodiments, 
discrimination margin or phase margins for discriminat- 
ing individual signal pulses is low. Therefore, Embodi- 
ment 3 presents an example circuit which improves on/ 
off extinction ratios of individually separated optical sig- 
nal pulses. 

Figure 13 shows a circuit configuration of Embodi- 
ment 3. 

The feature of this circuit is that an extinction ratio 
improving section (SA) 16 based on means such as a 
saturable absorber for improving the on/off extinction ra- 
tio is connected to each output port of the wavelength 
demultiplexer 15 in Embodiment 1 circuit shown in Fig- 
ure 1. SA section 16 is based on a saturable absorber 
media such as non-linear optical loop mirror, semicon- 
ductor materials such as bulk GaAs or those having a 
quantum well structure, non-linear etalon comprised of 
optical glass containing fine semiconductor particles 
such as CdSxSe-,. x surrounded by partially transparent 
mirrors, optical bistable devices based on Stark effect 
of exciton in multiple-quantum-wells, bistable semicon- 
ductor lasers and non-linear directional couplers. 

Embodiment 4 of Time-Division Demultiplexing circuits 

Time-division multiplexed demultiplexing circuits of 
the present invention are based on TDM to WDM signal 
conversion utilizing chirp compensation ot control light 
This is because, although on- power level of converted 
WDM signals is increased due to amplification gain from 
chirp compensation, off-level power is not affected by 
the non-linear mutual interaction effect by the signal light 
and does not generate chirp compensation, and re- 
mains at the original power level of the control light. 
Therefore, the on/off ratio of time-division multiplexed 
signals obtained by demultiplexing WDM signals is low. 

However, referring to the power spectrum of time- 
division multiplexed signals obtained by optical-to-elec- 
trical (O/E) conversion in Figure 28, most of the off -com- 
ponent power is concentrated in line spectral compo- 
nent of the repetition frequency of time-division multi- 
plexed signals, shown by fo in Figure 28. Therefore, by 
inserting a low-pass filter or band- reject ion filter to sup- 
press the repetition frequency, it is possible to improve 
the on/off ratio of electrical power of time-division mul- 



tiplexed signals. 

II. All-optical Time-Division Multiplexing to Wave length - 
Division Multiplexing Conversion Circuits 

5 

Embodiment 1 of TDM to WDM Conversion Circuits 

Figure 14 shows Embodiment 1 of the TDM-WDM 
conversion circuit. 

10 The feature of the circuit is that the wavelength-di- 
vision demultiplexer 15 in Figure 1 is replaced with a 
wavelength-division demultiplexer 17. The wavelength- 
division demultiplexer 1 5 demultiplexes optical frequen- 
cies in the vicinities of , v 2 , i> 3 , . . , d n from the control 

is pulse propagated through the optical Kerr medium 14 
and outputs them separately to each output port. In con- 
trast, wavelength-division demultiplexer 17 multiplexes 
demultiplexed control pulses and outputs multiplexed 
control pulses to one output port. Control pulses output 

20 from the wavelength-division demultiplexer 17 are 
wave length -division multiplexed signal pulse streams 
where each signal channel of optical frequency us in 
time-division multiplexed signal pulse streams is re- 
placed with optical frequencies^^ x> 2 , \> 3 , u N in wave- 
rs length-division multiplexed signal pulse streams. 

Figure 1 5A and 1 5B show first examples of the con- 
figuration of the wavelength multiplexer 17. 

The wavelength-division demultiplexer 17 shown in 
Figure 15A is comprised of, optical splitter 21 which 

30 splits one input into N output, an optical bandpass filter 
22-1 ~22-N with transmission frequencies x) % ,v 2 , ... u N , 
and an optical coupler 41 for multiplexing output light 
from the bandpass filters. 

The wave length -division demultiplexer shown in 

35 Figure 15B is comprised of connected two arrayed 
waveguide grating 24, shown in Figure 8C, in series. In 
other words, control pulse is wavelength-division demul- 
tiplexed in the grating 24-1 into optical frequencies u,, 
x> 2 , .., v N and they are multiplexed in the grating 24-2 

40 and are output from one output port. 

Figure 16 shows positional relation of a time-divi- 
sion multiplexed pulse stream and control pulses on the 
same time base in the TDM -WDM conversion circuit. 
Here, the time-division multiplexed pulse stream (of op- 

45 tical frequency -os) is designated as "Oil ...1 "110.. .1", 
and "101...1". Individual signal channels of the time-di- 
vision multiplexed signal are converted into optical fre- 
quencies v^, v 2 , .., u N , and are output as a stream of 
wavelength-division multiplexed pulses. 

so 

Embodiment 2 of TDM to WDM Conversion Circuits 

Figure 29 shows a second circuit configuration. The 
feature of the circuit is that the wavelength-division de- 
55 multiplexer 15 in Figure 27 (Embodiment 2 of time-divi- 
sion multiplexed circuit) is replaced with a wavelength- 
division demultiplexer 17. The wavelength-division de- 
multiplexer 15 demultiplexes optical frequencies in the 
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vicinities of \> 1 , i> 2 , t>3, ... "^n f rom control pulse propa- 
gated through the optical bi-Kerr medium 1 9 and outputs 
them separately to each output port. In contrast, wave- 
length-division demultiplexer 17 multiplexes demulti- 
plexed control pulses and outputs multiplexed control s 
pulses to one output port. Polarization mode dispersion 
compensation devices are the same as those indicated 
in Figures 24-26. Based on this configuration, it is pos- 
sible to realize a TDM-WDM conversion circuit which is 
not affected by the polarization states of input signals. 10 

Embodiment 3 of TDM to WDM Conversion Circuits 



Claims 

1. An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses, comprising: 

optical power adjusting means for receiving an 
optical pulse stream of time-division multi- 
plexed signal, of a signal frequency x>$, com- 
prised of N signal channels, where N is an in- 
teger greater than or equal to 2, and outputting 
power-adjusted signal pulses; 
a control light source for generating control 
pulses which have the same repetition rate as 
said signal channels, and which are synchro- 
nized with signal channels of said time-division 
multiplexed optical pulses, and whose optical 
frequency varies monotonically from a leading 
end to a trailing end and is different from said 
signal optical frequency us, and which have a 
pulse duration sufficient for a total inclusion of 
said N signal channels; 

optical wavelength-division multiplexing means 
for multiplexing an optical pulse stream of time- 



division multiplexed signal power-adjusted by 
said optical power adjusting means and said 
control pulses; 

an optical Kerr medium for receiving output sig- 
nal by said optical wavelength -division multi- 
plexing means, producing cross-phase modu- 
lation locally on the time axis to said control 
pulses depending on the presence or absence 
of signal pulses in said signal channel of said 
time-division multiplexed optical pulses, and 
power modulating said control pulse of compo- 
nent frequencies u-, , x> 2 , . . , i>n corresponding to 
said each signal channel by inducing an optical 
frequency shift of said chirped control pulse to 
compensate on the frequency axis; 
optical wavelength-division demultiplexing 
means for receiving light output by said optical 
Kerr medium, separating said control pulse of 
component frequencies v-,, v 2 , v N corre- 
sponding to signal channels of said time-divi- 
sion multiplexed optical pulse stream, and out- 
putting to respective ports of corresponding in- 
dividual optical frequencies. 

An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1 , wherein said optical 
power adjusting means include an optical amplifier 
for providing a signal power amplification sufficient 
to enable said stream of time-division multiplexed 
signal pulses to induce, in optical Kerr media, cross- 
phase modulation on said control pulse. 
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Embodiment 3 relates to another circuit configura- 
tion of TDM-WDM conversion to provide improved on/ is 
off extinction ratio of signal channels of wavelength-di- 
vision multiplexed signal pulses. The overall configura- 
tion is the same as the embodiment 1 shown in Figure 
14. The feature of this embodiment is in the structure of 
wavelength-division demultiplexer 17. 20 

Figure 17A shows a second configuration of the 
wavelength-division demultiplexer 17, which is provided 
with an extinction ratio improving section 16 based on 
such means as a saturable absorber (SA) for each of 
the output ports of the bandpass filters 22-1 -22-N 2S 2. 
which were shown in Figure 15 A. 

Figure 1 7B shows a configuration having an extinc- 
tion ratio improving section 16 based on such means as 
saturable absorber (SA) in each of the ports between 
an arrayed waveguide grating 24-1 and an arrayed 30 
waveguide grating 24-2 to improve the on/off extinction 
ratio. 

3. 

35 



40 



4. 

45 



50 

5. 



55 



An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1 , wherein said optical 
Kerr medium has a positive nonlinear-index coeffi- 
cient, and said control pulse is a down-chirped 
pulse whose optical frequency decreases monoton- 
ically from a leading end to a trailing end of a control 
pulse waveform. 

An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1, wherein said optical 
Kerr medium has a negative nonlinear-index coef- 
ficient, and said control pulse is an up-chirped pulse 
whose optical frequency increases monotonically 
from a leading end to a trailing end of a pulse wave- 
form. 

An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1 , wherein said optical 
Kerr medium is a bi-refringent optical medium and 
includes a polarization mode dispersion compensa- 
tion device to compensate polarization mode dis- 
persion between two orthogonal principal axes, and 
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a control light source produces control pulses 
whose polarization components in the two orthog- 
onal directions have equal powers in said optical 2 
bi-refringent Kerr medium. 

5 

An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed signal, comprising: 

optical power adjusting means for receiving an 10 
optical pulse stream of time-division multi- 
plexed signal pulses, of an optical frequency 
us, comprised of N signal channels, where N is 
an integer greater than or equal to 2, and out- 
putting power-adjusted time-division multi- 15 
plexed signal pulses; 

a control light source tor generating control 
pulses which have the same repetition rate as 
said signal channels, and which are synchro- 
nized with signal channels of said time-division 20 
multiplexed optical pulses, and whose optical 
frequency varies monotonically from a leading 
end to a trailing end and is different from said 
signal optical frequency i>s, and which have a 
pulse duration sufficient for a total inclusion of 25 
said N signal channels; 

optical wavelength-division multiplexing means 
for multiplexing a control pulse with said power- 
adjusted time-division multiplexed signal puls- 
es, and outputting a superimposed signal; 30 
an optical Kerr medium for receiving output sig- 
nal by said optical wave length -division multi- 
plexing means, producing cross-phase modu- 
lation locally on the time axis to said control 
pulses depending on the presence or absence 35 
of signal pulses in said signal channel of said 
time-division multiplexed optical pulses, and 
power modulating said control pulse of compo- 
nent frequencies \> 1? v 2 , x>n corresponding to 
said each signal channels by inducing an fre- 
quency shift of said chirped control pulse to 
compensate on the frequency axis; and 
optical wavelength-division demultiplexing 
means for receiving light output by said optical 
Kerr medium, separating said time-division 45 
multiplexed signal pulses of frequency us from 
control pulses of frequencies \> At v 2 , *>n; and 
outputting a second optical pulse stream of 
wave length -division multiplexed pulses to re- 
place said first optical pulse stream of time-di- so 
vision multiplexed pulses. 

An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed signal according to claim 6, wherein 55 
said optical power adjusting means include an op- 
tical amplifier for providing a signal power amplifi- 
cation sufficient to enable said stream of time-divi- 



sion multiplexed signal pulses to induce cross- 
phase modulation on said control pulse in the opti- 
cal Kerr medium. 

8. An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed signal according to claim 6, wherein 
said optical Kerr medium has a positive nonlinear- 
index coefficient, and said control pulse is a down- 
chirped pulse whose optical frequency decreases 
monotonically from a leading end to a trailing end 
of a control pulse waveform. 

9. An all-optical conversion circuit for converting time- 
division multiplexing to wavelength -division multi- 
plexing according to claim 6, wherein said optical 
Kerr medium has a negative nonlinear-index coef- 
ficient, and said control pulse is an up-chirped pulse 
whose optical frequency increases monotonically 
from a leading end to a trailing end of a control pulse 
waveform. 

10. An all-optical conversion circuit for converting time- 
division multiplexing to wavelength -division multi- 
plexing according to claim 6, wherein said optical 
Kerr medium is a bi-refringent optical medium and 
includes a polarization mode dispersion compensa- 
tion device to compensate polarization mode dis- 
persion between two orthogonal principal axes, and 
a control light source produces control pulses 
whose polarization components in the two orthog- 
onal directions have equal powers in said optical 2 
bi-refringent Kerr medium. 

11. An all-optical demultiplexing circuit, for separating 
time-division multiplexed optical pulses according 
to claim 5, wherein said polarization mode disper- 
sion compensation device is comprised by connect- 
ing two bi-refringent Kerr media of an equal length 
in series so that a principal axis of each medium is 
at right angles to each other. 

12. An all-optical conversion circuit for converting time- 
division multiplexed signal to wave length -division 
multiplexed signal according to claim 10, wherein 
said polarization mode dispersion compensation 
device is comprised by connecting two bi-refringent 
Kerr media of an equal length in series so that a 
principal axis of each medium is at right angles to 
each other. 

13. An all-optical demultiplexing circuit, for separating 
time-division multiplexed optical pulses according 
to claim 5, wherein said polarization mode disper- 
sion compensation device is comprised by connect- 
ing two bi-refringent Kerr media of an equal length 
in series in such a way that a X/2 plate is inserted 
between said two bi-refringent Kerr media. 
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14. An all-optical conversion circuit for con verting time- 
division multiplexed signal 1o wavelength-division 
multiplexed signal according to claim 10, said po- 
larization mode dispersion compensation device is 
comprised by connecting two bi-refringent Kerr me- $ 
dia of an equal length in series in such a way that 

a 7J2 plate is inserted between said two bi-refringent 
Kerr media. 

15. An all-optical demultiplexing circuit, for separating to- 
time-division multiplexed optical pulses according 

to claim 5, wherein polarization mode dispersion 
compensation device is comprised by connecting 
two bi-refringent Kerr media of an equal length in 
series in such a way that a 90-degree Faraday ro- is 
tator is inserted between said two bi-refringent Kerr 
media. 

1 6. An all-optical conversion circuit for converting time- 
division multiplexing to wavelength-division multi- 20 
plexing according to claim 10, wherein polarization 
mode dispersion compensation device is com- 
prised by connecting two bi-refringent Kerr media 

of an equal length in series in such a way that a 90 
degree Faraday rotator is inserted between said 25 
two bi-refringent Kerr media. 
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(54) All-optical time-division demultiplexing circuit and all-optical TDM-WDM conversion circuit 



(57) An all-optical time -division demultiplexing cir- 
cuit is designed to output all the channels of time-divi- 
sion multiplexed signal pulses to different output ports 
simultaneously A pulse stream of time-division multi- 
plexed signal pulses and linearly chirped control pulses 
synchronized with the signal channels are input into an 
optical Kerr medium. The optical Kerr medium provides 
locally cross-phase modulation to the control pulse, de- 
pending on the presence or absence of the signal pulses 
of each signal channel. And the optical Kerr medium 



modulates the power of the component frequencies u, , 
v 2 > , u n °* tne control pulses in accordance with each 
of the signal channel, by inducing the optical frequency 
shift to compensate the control pulse chirp on the optical 
frequency axis. The Kerr medium outputs a power mod- 
ulated control light, which is separated in a wavelength- 
division demultiplexing circuit into component frequen- 
cies u v \> 2 , ... u N of the control pulses which are to out- 
put to respective ports of corresponding to individual sig- 
nal channels. 
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Description 

Background of the Invention 

Field of the Invention 

The present invention relates to a multi-channel 
output type all-optical time-division demultiplexing cir- 
cuit which separates an optical pulse stream of a time- 
division multiplexed (TDM) signal, and simultaneously 
outputs every channel of the TDM signal to different 
ports. The present invention relates also to an all-optical 
TDM-WDM(Time-Division-Multiplexed - Wavelength- 
Division-Multiplexed) conversion circuit for assigning 
different wavelengths to each channel of time-division 
multiplexed signal pulse stream input from a transmis- 
sion line, and outputting a stream of wavelength-division 
multiplexed signal pulses to another transmission line. 

Description of the Related Art 

Figure 18 shows a first configuration of the conven- 
tional all-optical time-division demultiplexing circuit (Fig- 
ures Sand 6 from a Japanese Patent Application, First 
Publication, H4-19718 (Patent Application No 
H2-1251 76). Utilizing a fact that when time division mul- 
tiplexed signals and control pulses are launched into an 
optical Kerr medium, signal pulses are affected by 
cross-phase modulation effect of the control pulses, re- 
sulting in changes in the center frequency, thus enabling 
the signal pulses to be demultiplexed into individual 
channels of the TDM signal. 

In Figure 1 8, time-division multiplexed signal pulses 
p t. p 2> p 3 p 4 of an optical frequency \>s are input into 
a wavelength-division multiplexer 1 and are multiplexed 
with a control pulse Pc of an optical frequency of uc and 
launched into an optical Kerr medium 3 having a positive 
nonlinear-index coefficient. In the Kerr medium 3, the 
center frequencies of the signal pulses are altered by 
the cross-phase modulation effect of the control pulse. 
The process of mutual interaction is illustrated in Figure 
19 

In a Kerr medium 3 of a positive nonlinear-index co- 
efficient, cross-phase modulation of the control pulse in- 
duces a phase shift 4 in the signal pulses The phase 
shift 4 is power-dependent (i.e., proportional to the in- 
tensity shape of the control pulse) and is derived by 
time-differentials of the control pulse intensity interact- 
ing with the signal pulses to produce optical frequency 
shift 5 in the signal pulses. If the so-called "up-chirp" 
region is utilized, where the optical frequency increases 
approximately linearly (refer to shaded region in Figure 
1 9, corresponding to the central region of the control 
pulse waveform), the signal pulses P v P 2 . P 3 , P 4 of an 
optical frequency us are changed into corresponding 
signal pulses having different optical frequencies x> A , i> 2 , 
\> 3 , d 4 . 

Such signal pulses P v P 2 , P 3> P 4 having different 



frequencies can be separated in the optical wavelength- 
division demultiplexer 2 into individual optical frequen- 
cies, and can be output to respective output ports at the 
same time, providing an all-optical time-division demul- 

S tiplexing circuit. 

Figure 20 illustrates a second configuration of the 
conventional all-optical time-division demultiplexing cir- 
cuit disclosed in Figures 1 and 3 of a Japanese Patent 
Application, First Publication, H7-160678. In this device, 

10 time-division multiplexed signal pulses and chirped con- 
trol pulses are input into a nonlinear optical loop mirror 
(Sagnac interferometer) based on Kerr medium 3, and 
the control pulse, phase-shifted by the cross-phase 
modulation effect in the Kerr medium, is demultiplexed 

is to be output to individual channels of the TDM signal. 

In Figure 20, a control light source 7 is connected 
to an input port 6A of an optical coupler 6, and the output 
ports 6C, 6D are connected in a loop by way of an optical 
wavelength -division multiplexer 1 and a Kerr medium 3, 

20 and an optical wavelength-division demultiplexer 2 is 
connected to an input port 6B. 

Time-division multiplexed signal pulses P 1f P 2 , 
p 3» p n °* an optical frequency us are input, through 
an optical amplifier 8, into the wavelength multiplexer 1 . 

25 Control light source 7 produces a control pulse Pc which 
is linearly chirped, and whose pulse duration is sufficient 
to include the signal pulses P v P 2 , P3. ■-, Pn- The control 
pulse Pc is launched into input port 6A of the optical cou- 
pler 6 to be divided into two signals which are output 

30 from output ports 6C, 6D and propagates through the 
loop in opposite directions, as clockwise (c) component 
and a counter-clockwise (cc) component. In the mean- 
time, signal pulses launched into the loop from the op- 
tical wavelength -division multiplexer 1 propagates 

3S clockwise. In the Kerr medium 3, the phase of the clock- 
wise control pulse, propagating with the clockwise sig- 
nal pulses, is affected by the cross-phase modulation 
effect with the signal pulses. Therefore, when the c-con- 
trol pulse and cc-control pulse is multiplexed again in 

40 the optical coupler 6, the control pulse, overlapped by 
the signal pulses and having a phase difference of n, is 
output from the input port 6B. 

Accordingly, signal pulses P v P 2 . P 3 , P N modu- 
late corresponding control pulses Pc, : Pc 2 , Pc 3 , ... Pc N 

45 These control pulses Pc^ PC2, Pc 3 , .., Pc N are shifted 
in the order of the corresponding optical frequencies i>, , 
v> 2 , v> 3 , . ., i> N , thereby enabling to be separated in the 
wavelength demultiplexer 2 into individual optical fre- 
quencies. In other words, time-division multiplexed sig- 

so nals are separated into each channel, thereby enabling 
the all-optical time-division demultiplexing circuit to out- 
put demultiplexed signal pulses to different output ports 
simultaneously. 

Figure 21 illustrates a third configuration of the con- 

ss ventional all-optical time-division demultiplexing circuit 
disclosed in Figures 6 and 7 of a Japanese Patent Ap- 
plication, First Publication, H7-208258, (Priority Patent 
Application No. H6-191645). In this circuit, time-division 
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multiplexed signal pulses and chirped control pulses are 
# input into a non -linear optical medium, and the TDM sig- 
nal pulses, produced as a result of four-wave-mixing, 
are demultiplexed. 

In Figure 21 , time-division multiplexed signal pulses s 
Pi, P 2 . P 3 > . Pn of an optical frequency us are input into 
a wavelength-division multiplexer 1. The control light 
source 7 produces a light whose optical frequency 
changes monotonically with time, and generates a con- 
trol pulse Pc of a duration sufficiently long to include sig- to 
nal pulses P 1§ P 2 , P 3 , .., P N . Signal pulses P.,, P 2 , P 3 , 
P N and the control pulse Pc are multiplexed in the wave- 
length-division multiplexer 1 and are launched into a 
non -linear optical medium 9. 

Here, optical frequency components of the control '5 
pulse Pc synchronized with the signal pulses P v P 2 , 
P 3 , P N of an optical frequency us are designated by 
u v v 2 . u 3 , ... u N . In this case, four-wave-mixing effect is 
induced in the non-linear optical medium 9 by the control 
pulse Pc interacting with signal pulses of different optical 20 
frequencies, and generates frequency-converted opti- 
cal pulse Fi of an optical frequency u Fj (=2us-ui) or an 
optical pulse Fi 1 of an optical frequency u Fj , (=2ui-us), 
where i=1 ,2,3,..., N. 

Accordingly, frequency-converted pulses F lt F 2 , 2$ 
P3. . Pn or F^, F 2 \ F 3 , .., F N ' are generated to corre- 
spond to signal pulses P,, P 2 , P 3 , .., P N , and each fre- 
quencies can be separated with a wavelength-division 
demultiplexer 2. In other words, an all-optical time-divi- 
sion demultiplexing circuit is produced that enables 30 
time-division multiplexed signals to be separated into 
each signal channel and output to different output ports 
at the same time. 

The first and third circuit configurations of the all- 
optical time-division demultiplexing circuit shown above 3S 
are also shown in a Japanese Patent Application, First 
Publication, H8-307391 (Patent Application No 
H7-1 29633) as "related arts' in Figure 6, and as "ele- 
ments of the invention" in Figures 1 and 2. 

Problems With the conventional demultiplexing cir- 40 
cuits are outlined below. 

In the first circuit configuration shown in Figures 18 
and 19, the only useful region of the control pulse wave- 
form is the central region where the optical frequency 
increases approximately monotonically with time, there- *$ 
fore, it is not possible to separate those time-division 
multiplexed pulse signals which are processed outside 
of the effective chirp duration. Also, because attempts 
are made to produce a high degree of phase shift by 
using a control pulse having a wide pulse width, it means so 
that the optical power has to be quite high, requiring sev- 
eral watts up to several tens of watts (refer to Electron 
Lett., vol. 28 ; pp. 1070-1071, 1992). Furthermore, sep- 
arated optical pulses are produced by shifting the signal 
pulse frequency so that signal pulses having the original 55 
frequency are not generated. 

In the second circuit configuration shown in Figure 
20, it is necessary to construct a non-linear optical loop 



mirror (Sagnac interferometer), which is more complex 
compared with other conventional circuits in which the 
signal pulses and control pulses are propagated in one 
direction in an optical Kerr medium. 

In the third circuit configuration shown in Figure 21 , 
because the output light is a result of four-wave -mixing 
of signal pulses and control pulses, there are conversion 
losses associated with the generation efficiency of four- 
wave-mixing process, resulting in a high insertion loss. 
Also, because there is a large shift in the bandwidths 
between the control/signal pulses and the four-wave- 
mixing pulses, it introduces another problem that a wide 
optical bandwidth is required to achieve time-division 
demultiplexing. 

Summary of the Invention 

It is an object of the present invention to provide an 
all-optical time-division demultiplexing circuit for time- 
division multiplexed optical pulses to provide efficient 
performance in a simple circuit structure, using small op- 
tical power, so that all the channels are output simulta- 
neously to respective ports without expanding the band- 
width An application of the circuit is demonstrated in a 
conversion circuit to convert time-division multiplexed 
signals to wavelength-division multiplexed signals. 

The all-optical time division demultiplexing circuit of 
the present invention multiplexes® a pulse stream of 
time-division multiplexed signal pulses comprising of N 
channels (>2) having an optical frequency us and ©a 
control pulse synchronized with a signal channel of the 
time-division multiplexed pulse stream, monotonically 
chirped with time having an optical frequency different 
from us, having a duration including N signal channels 
and having a same repetition as the signal channel; and 
input the result to an optical Kerr medium 

The Kerr medium produces cross-phase modula- 
tion locally between the chirped control pulse and the 
signal pulses to produce local optical phase shift in a 
time-base depending on the presence or absence of sig- 
nal pulse of each signal channel of time-division multi- 
plexed signal channels, and an optical frequency shift 
Which compensates the control pulse chirp on the opti- 
cal frequency axis. 

This results in modulation of intensity of light with 
optical frequencies of u v u 2 . .., u N of control pulse cor- 
responding to each signal channel. The intensity of light 
is modulated, separates control pulse with optical fre- 
quencies of v> 1 , u 2 , .., u N corresponding to each signal 
channel and outputs them to the ports corresponding to 
each optical frequencies. 

The optical pulse stream input into the Kerr medium 
is given a signal power amplification sufficient to enable 
a signal pulse stream to induse cross-phase modulation 
on the control pulse (claim 2). 

The principle of power modulation in the optical Kerr 
medium by inducing cross-phase modulation on the 
control pulse depending on the presence or absence of 
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the signal pulse, modulating the intensity of control 
* pulse by making an optical frequency shift to compen- 
sate the control pulse chirp on the frequency axis. In the 
explanation below, the optical Kerr medium is assumed 
to have a positive nonlinear-index coefficient (claim 3). 

As shown in Figure 2, signal pulse has a Gaussian 
waveform of intensity vs. time, and the control pulse has 
a rectangular waveform of intensity vs. time. In this case, 
the control pulse is a down-chirped pulse whose fre- 
quency decreases monotonically (t> L >v T ) from a leading 
end (\) L ) to a trailing end (vj) as shown in Figure 4A. 
The frequency of the control pulse is \> 0 for peak signal 
power at time to. 

At this time, optical frequency of control pulse is 
shifted as shown in Fig. 3B, by the cross-phase modu- 
lation of signal pulse as shown in Fig. 3A. In other words, 
in the center region of the signal pulse (shaded region 
shown in Figure 3B), the control pulse receives an ap- 
proximately linear increase by time in optical frequency 
(up-chirped on time-base) as illustrated in Figure 3B. By 
this, down-chirp of the control pulse is compensated by 
the up-chirp effect (increasing intensity) of the signal 
pulse on the frequency-base, as illustrated in Figure 4C, 
and it results in causing those control pulse optical fre- 
quencies superimposed in the vicinity of the center of 
the signal pulse to shift to the center frequency \> 0 , and 
ultimately producing an increase of the spectral power 
as illustrated in Figures 4D. 

Figures 4A. 4B show a time-resolved optical spec- 
trum of the control signal and a power distribution of the 
optical spectrum with non -optical -frequency-shifted by 
signal pulse. Figures 4C, 4D show a time-resolved op- 
tical spectrum of the control signal and a power distri- 
bution of the optical spectrum with optical-frequency- 
shifted by the signal pulse. 

As shown in Figures 4B, 4D, the control pulse power 
of optical frequency \) 0 is either P t or P 0> depending on 
whether there is a pulse or not to interact with. There- 
fore, filtering the control pulse through a bandpass filter, 
which transmits light of optical frequencies in the vicin- 
ities of the center optical frequency u 0 , enables to pro- 
duce a pulse light whose optical power has been mod- 
ulated depending on whether a signal pulse has been 
imposed or not. 

Figure 5 shows optical power vs. time waveforms 
for a control pulse and a stream of five channels of time- 
division multiplexed signal pulses, binary coded as 
"11101 ". In this case, the control pulses are repeated at 
a rate of 1/5 of the time-division multiplexed signal puls- 
es. The peak power for individual signal channels 
#1~#5 occurs at t-, — 1 5 , and the corresponding control 
pulse frequencies are iv^, respectively. 

The control pulse spectral power is modulated ac- 
cording to the phase modulation pattern "11101" of the 
pulse stream of time-division multiplexed signal pulses, 
as shown in Figures 6A, 6B. Therefore, individual signal 
channels #1~#5 can be separated and extracted by fil- 
tering the modulated pulses through bandpass filters 



which transmit optical frequencies near t^— \> 5 . 

It should be noted that the above explanation re- 
lates to a case of a Kerr medium having a positive non- 
linear-index coefficient, and the control pulse is a down- 

5 chirped pulse in which the optical frequency decreases 
monotonically from the leading eind to the trailing end of 
a pulse (claim 3). On the other hand, if the Kerr medium 
has a negative nonlinear-index coefficient, the control 
pulse should be an up-chirped pulse such that the fre- 

io quency monotonically increases from the leading end to 
the trailing end (claim 4). Furthermore, if the Kerr medi- 
um is a bi-refringent medium, the circuit includes two 
orthogonal principal axes as a polarization mode disper- 
sion compensation device, and the control light is pro- 

15 vided with polarized light whose polarization compo- 
nents in the two orthogonal directions have an equal op- 
tical power (claim 5). The polarization mode dispersion 
compensation device may be made of two bi-Kerr media 
(=bi-refringent Kerr media) of an equal length connected 

20 in series in such a way that the two principal axes are 
at right angles (claim 11 ). An example of such a device 
is shown in Figure 24, which shows a bi-Kerr media (bi- 
refringent media) 60, 61 in series. A A/2 plate may be 
inserted between the bi-Kerr media (claim 13). An ex- 

25 ample of this device is shown in Figure 25, which shows 
a A/2 plate between bi-Kerr media 60, 61 . Or, a Faraday 
rotator may be inserted between the two bi-Kerr media 
(claim 15) An example is shown in Figure 26, which 
shows a 90-degree Faraday rotator between the bi-Kerr 

30 media 60, 61 . In such an arrangement, light propagated 
through the ordinary-axis and the extraordinary -axis of 
the bi-Kerr medium 60 are made to travel through the 
extraordinary-axis and the ordinary-axis of the bi-Kerr 
medium 61 , and the overall propagation delay differ- 

35 ence will be zero. 

Also, in the present invention, all-optical time-divi- 
sion demultiplexing circuit outputs the pulse stream with 
optical frequencies of x>^ , . . , x> s to each port, on the other 
hand all-optical TDM-WDM conversion circuit outputs 

40 the wavelength-division multiplexed signal pulses to a 
port by multiplexing pulses of each optical frequencies 
again (claims 6-9). In the TDM-WDM conversion circuit, 
if the Kerr medium is a bi-refringent medium, the circuit 
includes two orthogonal principal axes as a polarization 

45 mode dispersion compensation device, and the control 
light is provided with polarization state whose polariza- 
tion components in the two orthogonal directions have 
an equal optical power (claim 10). The polarization 
mode dispersion compensation device may be made of 

so two bi-Kerr media of an equal length connected in series 
in such a way that the two principal axes are at right 
angles (claim 1 2). An example of such a device is shown 
in Figure 24, which shows a bi-Kerr media 60, 61 in se- 
ries. A A/2 plate may be inserted between the bi-Kerr 

ss media (claim 1 4). An example of this device is shown in 
Figure 25, which shows a A/2 plate between bi-Kerr me- 
dia 60, 61. Or, a Faraday rotator may be inserted be- 
tween the two bi-Kerr media (claim 16). An example is 
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shown in Figure 26, which shows a 90-degree Faraday 
„ rotator between the bi-Kerr media 60, 61 . In such an ar- 
rangement, light propagated through the ordinary-axis 
and the extraordinary-axis of the bi-Kerr medium 60 are 
made to travel through the extraordinary-axis and the 
ordinary-axis of the bi-Kerr medium 61, and the overall 
propagation delay difference will be zero. 

Also, as illustrated in Figure 4D, because optical fre- 
quency components in the vicinities of u 0 are converted 
to v 0 , the optical powers of these optical frequency com- 
ponents (v 0 ±b) are decreased. When there is a signal 
pulse, although the optical powers of the optical fre- 
quency components in the vicinities of u 0 are increased, 
the optical power of the optical frequency components 
in the vicinities of the (vq±$) are decreased. Therefore, 
by filtering those waves in the vicinities of (v 0 +5) or (u 0 - 
6) with bandpass filters, a pulse stream, comprised of 
logical inversion pulses with respect to time-division 
multiplexed input signal pulses, can be generated. Es- 
pecially, when the repetition rates of the signal pulses 
and the control pulses are the same, all-optical inverting 
circuit is produced. 

As explained above, all-optical time-division demul- 
tiplexing circuit enables to separate signal channels 
comprising the time-division multiplexed pulse stream 
simultaneously. The present circuit configuration enable 
to significantly facilitate clock synchronization of control 
and signal pulses, compared with a circuit configuration 
comprised of series- or parallel-connection of optical 
gating circuits Also, a significantly simplified structure 
of the circuit enables to reduce insertion loss, thereby 
enabling to reduce the noise factor (NF) of the time-di- 
vision demultiplexing circuit. This increases the overall 
noise margin in the optical communication system to be 
increased, and provides an effective increase in dis- 
tance and reliability of the information transmission sys- 
tem. 

The present all-optical time-division demultiplexing 
circuit is able to separate time-division multiplexed puls- 
es into N signal channels as explained above, but it is 
also able to convert the signal wave of single optical fre- 
quency to multiple optical frequencies of the chirped 
control pulse. Therefore, by outputttng input signal puls- 
es without separation, the circuit can function as a TDM- 
WDM conversion circuit also. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of a first embodi- 
ment of the all-optical time-division demultiplexing cir- 
cuit. 

Figure 2 is an illustration of the positional relation 
on the time base of signal pulses and the control pulse. 

Figure 3A and 3B are illustrations of optical frequen- 
cy shift induced by cross-phase modulation of a Gaus- 
sian waveform signal pulse with a control pulse. 

Figures 4A-~ 4D are time-resolved spectra and 
spectral power distribution of the control pulse. 



Figure 5 is an illustration of the positional relation 
on the time base of the control pulse to a binary bit 
stream "11101" of time-division multiplexed signal puls- 
es. 

5 Figures 6A and 6B are time-resolved spectra of the 
control pulse and a spectral power distribution graph. 

Figure 7 is an illustration of the positional relation 
on the time base of control pulses to a stream of time- 
division mutiplexed signal pulses in the all-optical time- 
rs division demultiplexing circuit of the present invention. 

Figures 8A~- 8C are schematic diagrams of the con- - 
figuration of a 1xN wavelength-division demultiplexer 
15. 

Figure 9 is a first configuration of a control light 
is source 1 3 to generate a stream of linearly chirped con- 
trol pulses. 

Figure 1 0 is a second configuration of a control light 
source 1 3 to generate a stream of linearly-chirped con- 
trol pulses. 

20 Figures 11A-11D are numerical simulation results 
of the all-optical time-division demutiplexing circuit of 
the present invention. 

Figure 12 is a contour diagram produced by numer- 
ical simulation of the all-optical time-division demulti- 
zs piexing circuit of the present invention. 

Figure 1 3 is a schematic diagram of a second em- 
bodiment of the all-optical time-division demultiplexing 
circuit. 

Figure 14 is a first embodiment of an all-optical 
30 TDM-WDM conversion circuit of the present invention. 

Figures 15A and 15B are schematic diagrams of a 
first configuration of a wavelength demultiplexer 17. 

Figure 16 is an illustration of the positional relation 
on the time base of control pulses to a stream of time- 
35 division mutiplexed signal pulses in the TDM-WDM con- 
version circuit of the present invention. 

Figures 17A and 17B are schematic diagrams of a 
second configuration of a wavelength demultiplexer 17. 
Figure 18 is a schematic diagram of a first example 
40 of the conventional all-optical time-division demultiplex- 
ing circuit. 

Figure 1 9 is a schematic diagram to show the work- 
ing of a first configuration of the conventional all-optical 
time-division demultiplexing circuit. 
45 Figure 20 is a schematic diagram of a second ex- 
ample of the conventional all-optical time-division de- 
multiplexing circuit. 

Figure 21 is a schematic diagram of a third example 
of the conventional all-optical time-division demultiplex - 
50 jng circuit. 

Figure 22 is a third example of control light source 
1 3 to generate a stream of linearly -chirped control puls- 
es. 

Figure 23 is a schematic diagram of an example of 
S5 the chirp adjustment device. 

Figure 24 is a schematic diagram of an example of 
the polarization mode dispersion compensation device. 
Figure 25 is a schematic diagram of another exam- 
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pie of the polarization mode dispersion compensation 
device. 

Figure 26 is schematic diagram for yet another ex- 
ample of the polarization mode dispersion compensa- 
tion device. 

Figure 27 is a schematic diagram of a second em- 
bodiment of the all-optical time-division demultiplexing 
circuit of the present invention. 

Figure 28 is an electrical power spectrum of time- 
division demultiplexed signal after optical-to-electrical 
(O/E) conversion. 

Figure 29 is a schematic diagram of a second em- 
bodiment of the all-optical TDM-WDM conversion circuit 
of the present invention. 

Description of the Preferred Embodiments 

Preferred embodiments will be presented in the fol- 
lowing udder two headings: 

I. All Optical Time-Division Demultiplexing circuits; 
and 

II. AH Optical TDM-WDM Conversion Circuits 

I. Time-Division Demultiplexing circuits 

Embodiment 1 of time-division Demultiplexing circuits 

Figure 1 is a schematic circuit diagram of Embodi- 
ment 1 of the all-optical time-division demultiplexing cir- 
cuit. 

A stream of time-division multiplexed signal pulses, 
of an optical frequency \>s, produced by time-division 
multiplexing the signal channels #1 to #N, is input 
through an optical amplifier 11 to a wavelength -division 
multiplexer 12. A control light source 13 generates a 
down-chirped control pulse (\> 1 >t> 2 > > v n) having mo- 
notonically decreasing optical frequencies from its lead- 
ing end to its trailing end, at the same repetition rate as 
the signal channels, and inputs it into the optical wave- 
length-division multiplexer 12. 

The wavelength-division multiplexer 12 multiplexes 
received pulses so that the signal channels #1, #2, 
#3, ... #N and the control pulse with optical frequencies 
of o v x> 2 . *>3- . will be superimposed upon one an- 
other on the same time base, and outputs the multi- 
plexed pulses to an optical optical Kerr medium 1 4. Op- 
tical Kerr medium 14 has a positive nonlinear-index co- 
efficient, and, as explained above, intensity-dependent 
modulation effect is produced such that cross-phase 
modulation of the time-division multiplexed signal puls- 
es on the control pulse causes a series of frequency shift 
in the control pulse. The result is that spectral compo- 
nents of the control pulses with center optical frequen- 
cies, u 1( \> 2 , v 3 , ... \> N are intensity-modulated by the sig- 
nal pulses in the respective channels #1 , #2, #3, ... #N. 

Modulated control pulses propagated through the 
optical Kerr medium 14 are input into a wavelength -di- 



vision demultiplexer 1 5, and the spectral components in , 
the vicinities of the optical frequencies u,, \> 2 , "3, ... t> N 
are demultiplexed, and are separately output to respec- 
tive output ports. It should be noted that it is permissible 

s to output time-division multiplexed pulse stream of op- 
tical frequency us, at the same time. 

Figure 7 shows positional relations of a time-divi- 
sion multiplexed signal pulse stream to the control puls- 
es on the time base in the all-optical time-division de- 

10 multiplexing circuit of the present invention. Here, the 
time-division multiplexed signal pulse stream (of optical 
frequency us) is represented by "011 ...1 ", "110... 1", and 
■101 ...1". Signal channel of Channel #1 (of optical fre- 
quency v^) is separated as "011 ..." and others are sep- 

is arated in the same manner. 

Figure 8A-8C show examples of 1xN wavelength- 
division demultiplexer 15, which divides one input signal 
into N output signals. 

A wavelength-division multiplexer shown in Figure 

20 8A comprises an optical splitter 21 which splits one input 
light into N branches, and optical bandpass filters 
22-1— 22-N of respective optical frequencies v 1( t> 2 , 

i>3....i>n- 

A wave length -division demultiplexer shown in Fig- 

25 ure 8B comprises a reflection grating 23. 

A wavelength-division demultiplexer shown in Fig- 
ure 8C comprises an arrayed waveguide grating 24. An 
arrayed waveguide grating 24 comprises: input 
waveguides 25; a slab waveguide 26; arrayed 

30 waveguides (adjacent waveguides differ in optical path 
length by AL) 27; a slab waveguide 28; and output 
waveguides 29. A light distributed to the arrayed 
waveguides 27 through input waveguides 25 and slab 
waveguide 26 assumes different phase relations after 

35 passing through the arrayed waveguides 27, and has 
different focusing points in the slab waveguide 28 de- 
pending on the individual optical frequencies There- 
fore, each waveguide in the output waveguides 29 car- 
ries signals of different optical frequencies, thereby pro- 

40 viding a means for producing a wavelength demultiplex- 
ing function 

Figure 9 shows a first example of the control light 
source 13 which produces a pulse stream of linearly 
chirped control pulses. 

45 The light source 13 comprises connecting a white 
pulse generator fiber 31, a chirp adjusting device 32; 
variable-wavelength bandpass filter 33. Injection of a 
short pulse (optical frequency \>o) into the white pulse 
generator fiber 31 causes a wideband white pulse (cent- 

50 er optical frequency \>o) to be generated. For example, 
if a short pulse of several picoseconds having a peak 
power of 2—3 W is launched into a white pulse generator 
fiber 31 of 1 km length, a white pulse having a spectral 
width in excess of 200 nm is produced. 

55 The variable -wavelength bandpass filter 33 has a 
transmission coefficient which outputs a rectangular- 
shaped spectrum, and demultiplexing of white light input 
through the chirp adjusting device 32 produces a stream 
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of control pulses having a wide time span and linear 
u chirp characteristics. Also, by altering the center trans- 
mission wavelength within the white pulse wavelengths, 
it is possible to produce a linearly chirped control pulse 
stream of any optical frequencies. Chirp adjusting de- s 
vice 32 adjusts the absolute value and sign of chirp ac- 
cording to its dispersion properties. For example, if a 
zero-dispersion fiber at 1 .3 jam is used for the chirp ad- 
justing device 32, because anomalous dispersion val- 
ues are approximately constant in the 1.55 pm band, 10 
control pulses having linear chirp characteristics are ob- 
tained 

Figure 10 shows a second example of the linearly- 
chirped control light source 13. 

The light source 13 comprises a normal dispersion '$ 
fiber 34. Injection of short pulses (optical frequency \>o) 
into the normal dispersion fiber 34 generates linearly up- 
chirped control pulses over a wide time span due to a 
compounding effect of self-phase modulation and dis- 
persion effects. To generate linearly down -chirped con- 20 
trol pulses, a 1 .3 \xrr\ zero-dispersion fiber as in the first 
example should be used. 

Figure 22 shows a third example of the control light 
source. The light source 13 comprises an actively- 
mode-locked Farby-Perot semiconductor laser 50 fab- 2S 
ricated by monolithic integration of electro-absorption 
modulators with connecting a chirp adjusting device 32. 
The laser 50 normally outputs light of 10 nm spectral 
width, and is able to produce optical pulses required by 
the present light source in conjunction with a chirp ad- so 
justing device 32. The advantage of this configuration is 
that the use of a semiconductor laser source enables to 
produce a compact light source. To generate linearly 
down-chirped control pulses, use a 1 .3 (am zero-disper- 
sion fiber as a chirp adjusting device 32 same as in the 35 
above first and second examples. 

Another example of the configuration for chirp ad- 
justing device 32 is shown in Figure 23. The light source 
comprises an optical circulator 53 and a chirped fiber 
grating 52. Fiber grating is an optical device based on 40 
an optically-induced refractive index change, so that a 
phenomenon of increased refractive index is observed 
when ultraviolet light is radiated on a Ge0 2 -doped Si0 2 
fiber Based on this phenomenon, it is possible to peri- 
odically alter the refractive index of the core section of 45 
an optical Tiber and to selectively reflect corresponding 
Bragg reflection wavelengths. 

Chirped fiber grating is a fiber whose grating period 
is gradually changed along the longitudinal direction of 
the fiber, thereby producing a fiber with wavelength-de- so 
pendent reflection, i.e., it acts as a dispersive medium. 
In Figure 23, a control light is input into port 54 of the 
optical circulator 53 and is output from port 55 and is 
input into the chirped fiber grating 52. Because of the 
wavelength-dependency of the reflection positions in S5 
the chirped fiber grating 52, the control pulses are 
chirped and are output from the grating 52. and again 
input into port 55 of optical circulator 53 and are output 



from port 56. 

Optical Kerr medium 14 having a positive non-linear 
refractive index may be chosen from: Si0 2 fibers; chal- 
cogenide glasses made mainly of such material as chal- 
cogenidesof As, S; and semiconductor amplifiers. Also, 
optical Kerr medium 14 having a negative nonlinear-in- 
dex coefficient may be chosen from: it-conjugate group 
organic materials; lll-V group and ll-VI group compound 
semiconductors. 

It should be noted that, when using optical fibers for 
demultiplexing purposes, group velocity dispersion 
characteristics of the fiber introduce differences in group 
delay, a so-called "walk-off phenomenon, between sig- 
nal pulses and control pulses of different wavelengths 
This phenomenon is a cause for cross-talk between the 
channels. To avoid this problem, select a bandwidth in 
the vicinity of a zero-dispersion wavelength where group 
delay characteristics can be approximated by a second 
order curve, and operate the optical system so that the 
center wavelengths of the signal pulse and the control 
pulse are symmetrical across the zero-dispersion wave- 
length, thereby making the walk-off value to be zero. 

Figure 11A-11D show the results of numeral simu- 
lation studies of the all-optical time-division multiplexed 
demultiplexing circuit. A dispersion -shifted optical fiber 
of 1 km length and zero-dispersion wavelength at 1547 
nm was supposed for an optical Kerr medium. The cent- 
er wavelengths of the signal pulse and control pulse 
were, respectively, 1555 nm, and 1539 nm so as to be 
symmetrical about the zero-dispersion wavelength. 
Waveform of the signal pulse was a Gaussian type hav- 
ing a pulse width of 4 ps, and a peak power of 200 mW, 
control pulse was also a down-chirped Gaussian type 
having a pulse width of 50 ps, and a spectral half-width 
of 12 nm. 

Figure 1 1 A shows waveforms of a control pulse and 
a stream of time-division multiplexed signal pulses rep- 
resented by a "11111" pattern on the time base Figure 
11 B shows spectral power of the control pulse after 
propagating through the optical Kerr medium. Five 
peaks are observed corresponding to the signal pulse 
pattern The arrow in the Figure 11 A indicates a signal 
pulse and an arrow in Figure 11 B indicates a corre- 
sponding spectral component of the intensity-modulat- 
ed control pulse. 

Figure 1 1 C shows waveforms of a control pulse and 
a stream time-division multiplexed signal pulses repre- 
sented by a "11101" pattern on the time base Figure 
11 D shows spectral power of the control pulse after 
propagating through the optical Kerr medium. Four 
peaks are observed corresponding to the signal pulse 
pattern. The arrow in Figure 1 1 C indicates a signal pulse 
and the arrow in Figure 11D indicates a corresponding 
spectral component of the intensity-modulated control 
pulse. 

Figure 12 shows a constant-power contour graph 
of time- resolved decomposition spectra of a control 
pulse when time-division multiplexed pulse stream has 
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•11101" pattern, after propagating through the optical 
: Kerr medium. In Figure 12, time and optical frequency 
indicated by the arrows relate, respectively, to time and 
frequency shown in Figures 11 C and 11D. These simu- 
lation results demonstrate clearly that the presence or 
absence of signal pulses superimposed on the control 
pulse on the same time base affects the intensity-mod- 
ulation of the spectral components of the control pulse. 

Embodiment 2 of Time-Division Demultiplexing circuits 

The amount of frequency shift caused by cross- 
phase modulation, as a non-linear optical effect, utilized 
in the present invention is dependent on the relative po- 
larization states of the signal light and control light. 
Therefore, the demonstrated action in the present in- 
vention (the intensity-dependent modulation effect of 
the linearly chirped control pulse) is also dependent on 
the polarization states of the input signal light. It is also 
known that polarization states of signal light propagated 
through an optical fiber waveguide generally change 
randomly. Therefore, Embodiment 2 relates to polariza- 
tion-independent circuit configurations which are not af- 
fected by random changes in the polarization states of 
signal light. 

Figure 27 shows an example of such a circuit. The 
structures which are the same as those in Figure 1 will 
not be explained again. In this embodiment, an output 
light from the wavelength-division multiplexer 12 prop- 
agates through a polarization mode dispersion compen- 
sation section 18 disposed between two bi-refringent 
Kerr media 19 (shortened to bi-Kerr medium). 

Input signal light launched into a bi-Kerr medium 1 9 
separates into two linearly polarized-wave signals along 
with orthogonal principal axes of the bi-Kerr medium, 
and propagates through the medium 19 while maintain- 
ing the polarization state The power distribution ratio of 
input signal light to the two principal axial components 
is governed by the polarization states of the signal light 
at the input time. In the meantime, control light is input 
into bi-Kerr medium 19 so that the power distribution ra- 
tio to the two principal axial components will be 1 :1 . This 
can be achieved by inputting linearly polarized control 
light into the bi-Kerr medium 19 so that the linearly po- 
larized control light is tilted at 45 degrees with respect 
to one of the principal axes of the bi-Kerr medium 19, 
for example. 

While propagating through the bi-Kerr medium 19, 
control light receives chirp compensation independently 
for the two principal axial components due to cross- 
phase modulation effect with the signal light, and control 
spectral powers are increased. Spectral power increase 
factor caused by chirp compensation is proportional to 
the signal light power. Therefore, the spectral power in- 
crease factor due to chirp compensation in comparison 
to the sum of two axial control light components output 
from the bi-Kerr medium 19 does not depend on the 
power distribution ratio to the two principal axes of the 



signal light. In other words, spectral power of control 
light does not depend on the polarization states of input 
signal light at the time of injection into the bi-Kerr medi- 
um 19. 

5 Also, because there is an intervening polarization 

mode dispersion compensation section 18 in the mid- 
point of the optical path to switch the fast-axis and the 
slow-axis of the bi-Kerr medium 19, the optical path 
lengths for the two axes become identical, and any time- 
10 lag of the two polarization component can be compen- 
sated. Examples of polarization mode dispersion com- 
pensation section 18 are shown in Figures 24-26 in 
conjunction with discussions presented above. There- 
fore, it is possible to realize a polarization independent 
is operation that does not depend on polarization states of 
input signal light, without degrading the operational 
bandwidth of the circuit. 

It should be noted that polarization states of control 
light at the input time into the bi-Kerr medium 1 9 may 
20 assume other states such as circular polarization, or el- 
liptical polarization whose major or minor axis is tilted 
with respect to the principal axis of the bi-Kerr medium 
19 at 45 degrees. 

Also, when propagation loss and nonlinear-index 
25 coefficient are different in the two principal axes in the 
bi-Kerr medium 19, polarization-state-independence 
can be achieved by adjusting the power distribution ratio 
to the two principal axial components of control light in 
the bi-Kerr media 1 9. 
30 Also, if the operational properties of the two bi-Kerr 
media 19 are different, because of deviations in manu- 
facturing conditions and other reasons, polarization 
mode dispersion may also be different. In such cases, 
it is not necessary that the optical path lengths are equal 
35 in the two media 19, so, the lengths can be altered so 
that the overall polarization mode dispersion can be 
compensated by the polarization mode dispersion com- 
pensation section 18. Therefore, the number of bi-Kerr 
medium 19 of different path lengths and polarization 
40 mode dispersion compensation section 18 are not par- 
ticularly restricted when the overall dispersion is com- 
pensated. However, because of insertion loss and sim- 
plicity of the circuit, the configuration shown in this em- 
bodiment is preferable. 
45 A circuit configuration based on another concept to 
avoid polarization-dependent frequency shift of control 
light will be explained below. Instead of using bi-Kerr 
medium used in the above example, an isotropic Kerr 
medium will be used. In this case, polarization mode dis- 
50 persion compensation section 18 will not be necessary. 
The efficiency of cross-phase modulation effect in such 
a circuit becomes dependent on the polarization states 
of the control light and signal light, and even under the 
worst condition of dependency on the polarization 
55 states, i.e., orthogonal linearly polarized light, it is about 
1/3 of the best efficiency. In other words, the efficiency 
will never drop to zero. Thus, if the worst-case design 
allows some sensitivity degradation, receiver sensitivity 
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for separated signals can be made independent of the 
, polarization states of the input signals. 

Embodiment 3 of Time-Division Demultiplexing circuits 

s 

The all-optical time-division demultiplexing circuits 
in the present invention utilize the frequency shift of con- 
trol pulse by cross-phase modulation effect with the sig- 
nal pulses, as shown in Figures 4 or 6, therefore, the on/ 
off extinction ratio of intensity modulation is about sev- 10 
eral dB. In general, the on/off extinction ratio of external 
modulator is about 25 dB, for a Mach-Zender interfer- 
ometer type based on electrooptic effects of LiNb0 3 de- 
vices, so that the circuits in the foregoing embodiments, 
discrimination margin or phase margins for discriminat- is 
ing individual signal pulses is low. Therefore, Embodi- 
ment 3 presents an example circuit which improves on/ 
off extinction ratios of individually separated optical sig- 
nal pulses. 

Figure 13 shows a circuit configuration of Embodi- so 
ment 3 

The feature of this circuit is that an extinction ratio 
improving section (SA) 16 based on means such as a 
saturable absorber for improving the on/off extinction ra- 
tio is connected to each output port of the wavelength 25 
demultiplexer 15 in Embodiment 1 circuit shown in Fig- 
ure 1. SA section 16 is based on a saturable absorber 
media such as non-linear optical loop mirror, semicon- 
ductor materials such as bulk GaAs or those having a 
quantum well structure, non-linear etalon comprised of 30 
optical glass containing fine semiconductor particles 
such as CdSxSe l0( surrounded by partially transparent 
mirrors, optical bistable devices based on Stark effect 
of exciton in multiple-quantum-weils. bistable semicon- 
ductor lasers and non-linear directional couplers. ss 

Embodiment 4 of Time-Division Demultiplexing circuits 

Time-division multiplexed demultiplexing circuits of 
the present invention are based on TDM to WDM signal 40 
conversion utilizing chirp compensation of control light. 
This is because, although on- power level of converted 
WDM signals is increased due to amplification gain from 
chirp compensation, off-level power is not affected by 
the non-linear mutual interaction effect by the signal light *s 
and does not generate chirp compensation, and re- 
mains at the original power level of the control light. 
Therefore, the on/off ratio of time-division multiplexed 
signals obtained by demultiplexing WDM signals is low. 

However, referring to the power spectrum of time- so 
division multiplexed signals obtained by optical-to-elec- 
trical (O/E) conversion in Figure 28, most of the off -com- 
ponent power is concentrated in line spectral compo- 
nent of the repetition frequency of time-division multi- 
plexed signals, shown by f 0 in Figure 28. Therefore, by ss 
inserting a low-pass filter or band -reject ion filter to sup- 
press the repetition frequency, it is possible to improve 
the on/off ratio of electrical power of time-division mul- 



tiplexed signals. 

II. All-optical Time-Division Multiplexing to Wavelength- 
Division Multiplexing Conversion Circuits 

Embodiment 1 of TDM to WDM Conversion Circuits 

Figure 14 shows Embodiment 1 of the TDM-WDM 
conversion circuit. 

The feature of the circuit is that the wavelength-di- 
vision demultiplexer 15 in Figure 1 is replaced with a 
wavelength-division demultiplexer 17. The wavelength- 
division demultiplexer 1 5 demultiplexes optical frequen- 
cies in the vicinities of u v \> 2 , w 3» *•• u n from the control 
pulse propagated through the optical Kerr medium 14 
and outputs them separately to each output port. In con- 
trast, wavelength-division demultiplexer 17 multiplexes 
demultiplexed control pulses and outputs multiplexed 
control pulses to one output port. Control pulses output 
from the wavelength -division demultiplexer 17 are 
wavelength-division multiplexed signal pulse streams 
where each signal channel of optical frequency vs in 
time-division multiplexed signal pulse streams is re- 
placed with optical frequencies v>,, u 2 , \> 3 , ..,\> N in wave- 
length-division multiplexed signal pulse streams. 

Figure 1 5A and 1 5B show first examples of the con- 
figuration of the wavelength multiplexer 17. 

The wavelength-division demultiplexer 17 shown in 
Figure 15A is comprised of, optical splitter 21 which 
splits one input into N output, an optical bandpass filter 
22-1— 22-N with transmission frequencies o,.^, ... x^, 
and an optical coupler 41 for multiplexing output light 
from the bandpass filters. 

The wavelength-division demultiplexer shown in 
Figure 15B is comprised of connected two arrayed 
waveguide grating 24, shown in Figure 8C, in series. In 
other words, control pulse is wave length -division demul- 
tiplexed in the grating 24-1 into optical frequencies \> %i 
u 2 , ... u N and they are multiplexed in the grating 24-2 
and are output from one output port. 

Figure 16 shows positional relation of a time-divi- 
sion multiplexed pulse stream and control pulses on the 
same time base in the TDM-WDM conversion circuit. 
Here, the time-division multiplexed pulse stream (of op- 
tical frequency us) is designated as •011... 1", "110.. .1". 
and "101. 1". Individual signal channels of the time-di- 
vision multiplexed signal are converted into optical fre- 
quencies \) v t> 2 , \> N , and are output as a stream of 
wavelength-division multiplexed pulses. 

Embodiment 2 of TDM to WDM Conversion Circuits 

Figure 29 shows a second circuit configuration. The 
feature of the circuit is that the wave length -division de- 
multiplexer 15 in Figure 27 (Embodiment 2 of time-divi- 
sion multiplexed circuit) is replaced with a wavelength- 
division demultiplexer 17. The wave length -division de- 
multiplexer 15 demultiplexes optical frequencies in the 
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vicinities of t) v t> 2 , x> 3 , ... v N from control pulse propa- 
gated through the optical bi-Kerr medium 1 9 and outputs 
them separately to each output port. In contrast, wave- 
length-division demultiplexer 17 multiplexes demulti- 
plexed control pulses and outputs multiplexed control s 
pulses to one output port. Polarization mode dispersion 
compensation devices are the same as those indicated 
in Figures 24—26. Based on this configuration, it is pos- 
sible to realize a TDM-WDM conversion circuit which is 
not affected by the polarization states of input signals. io 

Embodiment 3 of TDM to WDM Conversion Circuits 

Embodiment 3 relates to another circuit configura- 
tion of TDM-WDM conversion to provide improved on/ 15 
off extinction ratio of signal channels of wavelengthnJi- 
vision multiplexed signal pulses. The overall configura- 
tion is the same as the embodiment 1 shown in Figure 
14. The feature of this embodiment is in the structure of 
wavelength-division demultiplexer 17. 20 

Figure 17A shows a second configuration of the 
wavelength-division demultiplexer 17, which is provided 
with an extinction ratio improving section 16 based on 
such means as a saturable absorber (SA) for each of 
the output ports of the bandpass filters 22-1 -22-N 2S 
which were shown in Figure 15A. 

Figure 1 7B shows a configuration having an extinc- 
tion ratio improving section 1 6 based on such means as 
saturable absorber (SA) in each of the ports between 
an arrayed waveguide grating 24-1 and an arrayed 30 
waveguide grating 24-2 to improve the on/off extinction 
ratio. 



Claims 35 

1. An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses, comprising: 

40 

optical power adjusting means for receiving an 
optical pulse stream of time-division multi- 
plexed signal, of a signal frequency us, com- 
prised of N signal channels, where N is an in- 
teger greater than or equal to 2, and outputting *5 
power-adjusted signal pulses; 
a control light source for generating control 
pulses which have the same repetition rate as 
said signal channels, and which are synchro- 
nized with signal channels of said time-division so 
multiplexed optical pulses, and whose optical 
frequency varies monotonically from a leading 
end to a trailing end and is different from said 
signal optical frequency i>s, and which have a 
pulse duration sufficient for a total inclusion of 
said N signal channels; 

optical wavelength-division multiplexing means 
for multiplexing an optical pulse stream of time- 
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division multiplexed signal power-adjusted by 
said optical power adjusting means and said 
control pulses; 

an optical Kerr medium for receiving output sig- 
nal by said optical wavelength-division multi- 
plexing means, producing cross-phase modu- 
lation locally on the time axis to said control 
pulses depending on the presence or absence 
of signal pulses in said signal channel of said 
time-division multiplexed optical pulses, and 
power modulating said control pulse of compo- 
nent frequencies « lP x> 2 > • ■ corresponding to 
said each signal channel by inducing an optical 
frequency shift of said chirped control pulse to 
compensate on the frequency axis; 
optical wavelength-division demultiplexing 
means for receiving light output by said optical 
Kerr medium, separating said control pulse of 
component frequencies \> lt u 2 , ... v> N corre- 
sponding to signal channels of said time-divi- 
sion multiplexed optical pulse stream, and out- 
putting to respective ports of corresponding in- 
dividual optical frequencies. 

2. An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1, wherein said optical 
power adjusting means include an optical amplifier 
for providing a signal power amplification sufficient 
to enable said stream of time -division multiplexed 
signal pulses to induce, in optical Kerr media, cross- 
phase modulation on said control pulse. 

3. An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1 , wherein said optical 
Kerr medium has a positive nonlinear-index coeffi- 
cient, and said control pulse is a down -chirped 
pulse whose optical frequency decreases monoton- 
ically from a leading end to a trailing end of a control 
pulse waveform. 

4. An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1, wherein said optical 
Kerr medium has a negative nonlinear-index coef- 
ficient, and said control pulse is an up-chirped pulse 
whose optical frequency increases monotonically 
from a leading end to a trailing end of a pulse wave- 
form. 

5. An all-optical time-division demultiplexing circuit, 
for separating time-division multiplexed optical 
pulses according to claim 1 , wherein said optical 
Kerr medium is a bi-refringent optical medium and 
includes a polarization mode dispersion compensa- 
tion device to compensate polarization mode dis- 
persion between two orthogonal principal axes, and 
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a control light source produces control pulses 
whose polarization components in the two orthog- 
onal directions have equal powers in said optical 2 
bi-refringent Kerr medium. 

5 

6. An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed signal, comprising: 

optical power adjusting means for receiving an 10 
optical pulse stream of time-division multi- 
plexed signal pulses, of an optical frequency 
\>s, comprised of N signal channels, where N is 
an integer greater than or equal to 2, and out- 
putting power-adjusted time-division multi- is 
plexed signal pulses; 

a control light source for generating control 
pulses which have the same repetition rate as 
said signal channels, and which are synchro- 
nized with signal channels of said time-division 20 
multiplexed optical pulses, and whose optical 
frequency varies monotonically from a leading 
end to a trailing end and is different from said 
signal optical frequency \>s, and which have a 
pulse duration sufficient for a total inclusion of 25 
said N signal channels; 

optical wavelength-division multiplexing means 
for multiplexing a control pulse with said power- 
adjusted time-division multiplexed signal puls- 
es, and outputting a superimposed signal; 30 
an optical Kerr medium for receiving output sig- 
nal by said optical wavelength -division multi- 
plexing means, producing cross-phase modu- 
lation locally on the time axis to said control 
pulses depending on the presence or absence 35 
of signal pulses in said signal channel of said 
time-division multiplexed optical pulses, and 
power modulating said control pulse of compo- 
nent frequencies^, \> 2 , ... u N corresponding to 
said each signal channels by inducing an fre- 40 
quency shift of said chirped control pulse to 
compensate on the frequency axis; and 
optical wavelength-division demultiplexing 
means for receiving light output by said optical 
Kerr medium, separating said time-division 45 
multiplexed signal pulses of frequency us from 
control pulses of frequencies u t , i> 2 , ... u N ; and 
outputting a second optical pulse stream of 
wavelength-division multiplexed pulses to re- 
place said first optical pulse stream of time-di- so 
vision multiplexed pulses. 

7. An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed sigt.al according to claim 6, wherein ss 
said optical power adjusting means include an op- 
tical amplifier for providing a signal power amplifi- 
cation sufficient to enable said stream of time-divi- 



sion multiplexed signal pulses to induce cross- 
phase modulation on said control pulse in the opti- 
cal Kerr medium. 

8. An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed signal according to claim 6, wherein 
said optical Kerr medium has a positive nonlinear- 
index coefficient, and said control pulse is a down- 
chirped pulse whose optical frequency decreases 
monotonically from a leading end to a trailing end 
of a control pulse waveform. 

9. An all-optical conversion circuit for converting time- 
division multiplexing to wave length -division multi- 
plexing according to claim 6, wherein said optical 
Kerr medium has a negative nonlinear-index coef- 
ficient, and said control pulse is an up-chirped pulse 
whose optical frequency increases monotonically 
from a leading end to a trailing end of a control pulse 
waveform. 

1 0. An all-optical conversion circuit for converting time- 
division multiplexing to wavelength-division multi- 
plexing according to claim 6, wherein said optical 
Kerr medium is a bi-refringent optical medium and 
includes a polarization mode dispersion compensa- 
tion device to compensate polarization mode dis- 
persion between twoonhogonal principal axes, and 
a control light source produces control pulses 
whose polarization components in the two orthog- 
onal directions have equal powers in said optical 2 
bi-refringent Kerr medium. 

11. An all-optical demultiplexing circuit ; for separating 
time-division multiplexed optical pulses according 
to claim 5, wherein said polarization mode disper- 
sion compensation device is comprised by connect- 
ing two bi-refringent Kerr media of an equal length 
in series so that a principal axis of each medium is 
at right angles to each other. 

12. An all-optical conversion circuit for converting time- 
division multiplexed signal to wave length -division 
multiplexed signal according to claim 10, wherein 
said polarization mode dispersion compensation 
device is comprised by connecting two bi-refringent 
Kerr media of an equal length in series so that a 
principal axis of each medium is at right angles to 
each other. 

13. An all-optical demultiplexing circuit, for separating 
time-division multiplexed optical pulses according 
to claim 5, wherein said polarization mode disper- 
sion compensation device is comprised by connect- 
ing two bi-refringent Kerr media of an equal length 
in series in such a way that a X/2 plate is inserted 
between said two bi-refringent Kerr media. 
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14. An all-optical conversion circuit for converting time- 
division multiplexed signal to wavelength-division 
multiplexed signal according to claim 10, said po- 
larization mode dispersion compensation device is 
comprised by connecting two bi-ref ringent Kerr me- s 
dia of an equal length in series in such a way that 

a V2 plate is inserted between said two bi-ref ringent 
Kerr media. 

15. An all-optical demultiplexing circuit, for separating 10 
time-division multiplexed optical pulses according 

to claim 5, wherein polarization mode dispersion 
compensation device is comprised by connecting 
two bi-refringent Kerr media of an equal length in 
series in such a way that a 90-degree Faraday ro- is 
tator is inserted between said two bi-refringent Kerr 
media. 

16. An all-optical conversion circuit for converting time- 
division multiplexing to wave length -division multi- 20 
plexing according to claim 10, wherein polarization 
mode dispersion compensation device is com- 
prised by connecting two bi-refringent Kerr media 

of an equal length in series in such a way that a 90 
degree Faraday rotator is inserted between said 25 
two bi-refringent Kerr media. 
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